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Abstract
Blowflies of the genus Chrysomya are forensically important, myiasis-causing flies.
Their larvae are frequently recovered from decomposing human corpses, and may
assist in criminal investigations by helping to determine the postmortem interval.
Larvae of some Chrysomya species can be difficult to identify because of their
morphological similarity. This is especially so along the east coast of Australia,
where this genus is much more speciose than in other parts of the continent.
Molecular techniques, especially those based around DNA sequencing, can improve
the reliability of insect identification. The hypervariable non-coding control region of
the mitochondrial genome is one region of DNA that can be particularly informative,
because of its high nucleotide divergence and size variation. This project examined
the potential of the mitochondrial control region of nine Australian species of the
genus Chrysomya (Diptera: Calliphoridae): Ch. saffrenea, Ch. megacephala, Ch.
semimetallica, Ch. varipes, Ch.

incisuralis, Ch. nigripes, Ch. flavifrons, Ch.

rufifacies and Ch. latifrons latifrons to determine its usefulness as a potential
identification tool and as a molecular marker for evolutionary studies.

The mitochondrial control region was successfully amplified in two overlapping
pieces, but direct sequencing of both of these products was unsuccessful. Cloning of
amplification products from single individuals confirmed the heteroplasmic nature of
the control region in Australian Chrysomya species, with intraindividual heteroplasmy
due to indels, variation in the number of nucleotides in homopolymer runs (polyadenine and poly-thymidine), variation in the number of short tandem repeats (AT),
and the presence of duplicated genes. Length heteroplasmy reported in this study was
mainly surrounding long monoadenosine/monothymidine and dinucleotide repeats,
PCR polymerase artefact due to slipped strand mispairing may have contributed to the
length variation observed in the present study.

Length variation was also observed between species, due primarily to the presence or
absence of a duplicated tRNAIle gene and/or partially duplicated tRNAGln pseudogene.
Duplicate tRNAIle genes were present in Ch. saffranea, Ch. megacephala, Ch.
incisuralis, Ch. flavifrons, Ch. rufifacies and Ch. nigripes. The partially duplicated
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tRNAGln pseudogene was identified in many of the same flies as those with the
duplicate tRNAIle gene. The data suggest the duplication of the tRNAIle and tRNAGln
in a common ancestor of the Australian Chrysomya and may be used to infer
evolutionary relationships among the Australian Chrysomya blowflies. The IQM gene
cluster as described by Lessinger et al (2004) was identified in all nine species of
Chrysomya. However, intraindividual variation, due to point mutations, insertions and
deletions, were common in the IQM gene cluster across most species sequenced.

Phlogenetic analysis reports that the parsimony tree resolved all Chrysomya species
with bootstrap proportions over 99%, supporting the grouping of sister species which
was also supported in the neighbour joining approach, and the separation of Ch.
incisuralis and Ch. rufifacies from the rest of the Chrysomya species. Strong posterior
support 100% validates the relationships between sister species Ch. semimetallica and
Ch. latifrons as well as between Ch. megacephala and Ch. saffranea. Phylogenetic
analysis of the mtDNA control region Target 3 amplicon resulted in Ch. nigripes
being placed in a clade consisting of Ch. nigripes, Ch. varipes and Ch. flavifrons, with
strong support at 98%, (see Appendix 19 Neighbour Joining Approach – All at Once
Alignment).

Together, these findings indicate that there may be enough variation between the
blowfly species to separate and identify the Chrysomya blowflies at a species level.
However, the presence of heteroplasmy makes the routine use of this region
impractical, due to the need to clone amplification products prior to sequencing.
Other regions, such as COI or ITS2 appear less problematic.
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CHAPTER 1- INTRODUCTION
1.1 Literature Review
Forensic entomology is the study of insects and other arthropods associated with criminal
investigations such as murders, sexual assaults, suicides and physical abuse (Catts and
Goff 1992). It is based on the analysis of insects that sequentially colonise a corpse, and
as decomposition progresses, the development of their offspring. This information can
then assist in determining; the manner of death, Post Mortem Interval (PMI) and any
movement of the corpse from one site to another after death (Lord and Burger 1983).

1.2 Successional Patterns of Insects and Post Mortem
Interval
Arthropod activity and occurrence can assist in the determination of the PMI, location of a
crime scene, movement of a corpse after death, cause of death, and manner of death
(Turner 1987, Goff 1991, Catts and Goff 1992). PMI estimation relies heavily on the
faunal succession of invertebrates colonising or associating with the corpse, and the rates
of development of these insects (Levot 2003). Invertebrates exhibit preferences between
fresh and decaying tissue, and this has an effect on the successional pattern. The basic
successional pattern of insects remains constant throughout the world, even if there are
differences in species (Turner 1987). Gaining knowledge on which species of blowfly
breed within carrion, and their successional patterns, has great implications for forensic
entomology (De Souza and Linhares 1997).

The succession of the sarcosaprophagous fauna can be divided into several ecological
categories: the necrophages which are the first to arrive and consume the corpse, including
Diptera and Colepotera; followed by omnivores, such as ants and wasps that feed on the
corpse and other related fauna; parasites and predators, consisting of many Coleoptera, and
some Diptera and Hymenoptera that parasitise immature flies; the last group contains the
opportunists which use the corpse as a part of their habitat (Catts and Goff 1992, De Souza
and Linhares 1997).
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Insects, in particular the flies (Diptera), are highly attuned to the odours of a decomposing
corpse, and due to their mobility, are often the first to arrive (Rodriguez and Lord 1993).
Flies are the primary cause of degradation of a corpse. Blowflies (family: Calliphoridae)
can arrive within minutes, and either immediately start feeding on the corpse or begin
oviposition. The blowflies will oviposit within natural orifices, such as the nose, ears,
mouth, eyes and the anus and genitalia, and sites of trauma (Kulshrestha and Chandra
1987, Turner 1987, Rodriguez and Lord 1993). The development of these eggs and larvae
follow a highly predictable pattern which can provide essential information for the
estimation of PMI, once the species of blowfly has been determined (Stevens and Wall
2001).

When estimating the PMI, the maximal and minimal probable time interval between the
death of the victim and the discovery of the corpse needs to be determined. The minimal
limit is established by estimating the age of the immatures, allowing the PMI to be
formulated by taking into account the effects of climate, season, weather and location of
the crime scene (Catts 1992, Amendt et al. 2004).

Levot (2003) studied the faunal succession of insects from deceased persons in New South
Wales (NSW), Australia. In 86% of 113 cases, blowflies were present on the corpse, the
majority represented by saprophagous blowflies Calliphora (primary colonisers),
Chrysomya (secondary colonisers) and Lucilia species. Although normally secondary
blowflies, research in Southern Queensland (O’Flynn and Moorhouse 1979) indicates that
Chrysomya rufifacies, Chrysomya saffranea and Chrysomya varipes can act as primary
blowflies initiating infestation of carrion. The ability of Chrysomya species to act as both
primary and secondary flies on carrion has important implications for the PMI, as the
period lapsed since death may be overestimated by days if not considered.

Caution must be exercised when estimating the PMI as there are numerous events which
can influence its accuracy. The succession of different blowfly species follows a seasonal
pattern. Levot (2003) found that in warmer weather, if Calliphora was the only blowfly
maggot present, the estimated PMI was usually less than four days. If Chrysomya blowflies
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were also present the PMI was to be more than four days. In the cooler months, there was
no succession of blowflies. The absence of species succession during cooler periods is a
complicating factor that should be considered when calculating the PMI.

The activities of the flies at night, during low periods of sunlight and during the cooler
seasonal periods, seem to affect oviposition (Nuorteva 1977, Baumartner and Greenberg
1984). It has been reported that flies from the families Calliphoridae, Sarcophagidae and
Muscidae fly only during the daytime, and therefore do not oviposit at night (Nuorteva
1977). However, there has been some research to indicate that some Chrysomya species
(Singh and Bharti 2001) and Calliphora species (Greenberg 1990, Singh and Bharti 2001,
Catts 1992) engage in nocturnal flight and oviposition activity. This should be considered
when calculating the PMI when these species are involved.

1.3 Chrysomya Blowflies
Chrysomya (Diptera: Calliphoridae) are myiasis causing flies, and were originally confined
to the Old World tropics of Africa and Australasia. They have recently become established
in the New World, Central and Southern America (Baumgartner and Greenberg 1984).

Of the twenty eight species of Chrysomya identified in the Oriental, Australasian and
Oceanic Reigions (Wells and Kurahashi 1996), nine species of Chrysomya have been
identified within Australia, with Chrysomya saffranea (Bigot) and Chrysomya latifrons
(Malloch) being endemic to Australia (Wallman pers. comm., Nelson 2008).

Chrysomya chloropyga, Chrysomya albiceps, Chrysomya megacephala and Chrysomya
rufifacies are examples of Old World blowflies that have rapidly spread into the New
World, displacing native flies and acting as vectors of disease in substandard sanitary
conditions (Baumgartner and Greenberg 1984, Junqueira et al. 2004). The geographical
spread of these blowflies has been aided by the movements of man, with ships and aircraft
playing a major role in their further distribution (Baumgartner 1993, Williams and Villet
2006).
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Chrysomya rufifacies (Macquart) is perhaps one of the most forensically important
blowflies feeding and breeding in carrion, and also serving as an indicator of PMI
(O’Flynn 1983, Kulshrestha and Chandra 1987, Sukontason et al. 2001). They are also of
significant veterinary importance as they are associated with the myiasis of livestock
within Australia and Hawaii. (Baumgartner and Greenberg 1984, Wells and Kurahashi
1996, De Souza and Linehares 1997). Ch. rufifacies behaves as a primary carrion blowfly
in Southern Queensland (O’Flynn and Moorhouse 1979), the first instars being entirely
necrophagous. In crowded or starved conditions, the second instars may become
facultatively predaceous feeding on other dipteran larvae.

This can lead to them

outcompeting other blowfly species present on a corpse (Baumgartner 1993).

Chrysomya megacephala (Fabricius), a common blowfly of Australasia and the Pacific
islands including Hawaii, is now widespread in Africa and the Americas. (Wijesundara
1957, Wells and Kurahashi 1994). Often found at meat and fish stalls, the larvae breed in
faecal excrement pits and decaying carcasses and are therefore of forensic importance for
investigations of untimely death (Wells and Kurahashi 1994). Ch. megacephala is reported
to be among the most dangerous vectors of enteric pathogens (Gabre et al. 2005).

Chrysomya species such as Ch. rufifacies (Macquart), Ch. varipes (Macquart) and Ch.
saffranea (Bigot) are also flies of forensic importance and often initiate infestation of
carrion acting as primary blowflies, however other species prefer a carcass in advanced
stages of decay, such as Ch. nigripes (Aubertin) (O’Flynn 1983).

1.4 Morphological Identification of Forensically Important
Blowflies
Morphological identification of forensically important blowflies such as the genus
Calliphora can be very difficult, even to the expert. In the immature stages, third instar
larvae in some species are morphologically indistinguishable. Minute differences in the
anterior spiracles, cephalopharyngeal skeleton, spinulation and microtubercles aid in the
morphological distinction between blowfly species, however the expertise of a taxonomic
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specialist is required (Wallman 2001b, Nelson et al. 2007, Wells and Stevens 2008). The
morphological separation of Chrysomya from other calliphorids is by the combination of a
ciliated stem vein, a convex occiput and a thoracic squama with hairs in the centre of the
upper surface (Wells and Kurahashi 1996).

Wallman (2001) studied the morphological characteristics of third instar larvae of common
carrion-breeding Calliphora blowflies. He noted that the separation of the sister species
within the Calliphora stygia and Calliphora augur groups morphologically remains
difficult and molecular identification techniques would be a useful tool in such
circumstances (Wallman 2001b).

Chrysomya chloropyga (Wiedemann) and Chrysomya putoria (Wiedemann), originally
Afrotropical blowflies, breed in carrion (including humans), and are indistinguishable in
the egg and early larval stages. As adult flies, morphological, behavioural, ecological and
developmental traits distinguish the species. Because the immature stages of Chrysomya
are difficult to identify taxonomically, DNA identifications are a useful option for
identification (Wells et al. 2004).

Chrysomya

albiceps

(Wiedemann)

and

Chrysomya

rufifacies

(Macquart)

are

morphologically similar species of Chrysomya at the larval and adult stages. These flies
were previously geographically separated, however with the recent spread of Ch. rufifacies
into the Americas; the need to distinguish between the two became of greater importance.
Interbreeding has been reported in the laboratory, with fertile hybrids produced. However
there is little to suggest that this has occurred in the field (Tantawi and Greenberg 1993,
Wells and Sperling 1999). Morphological identification at a microscopic level of the third
instar larvae, comparing the shape of the outermost ventral process and the spines which
crown the dorsal processes, together with the number and spacing of the apical spines
would sufficiently separate the species (Tantawi and Greenberg 1993). However as the
unambiguous identification of the species is paramount to the entomologist, a molecular
aided approach may be of benefit (Wells and Sperling 1999).
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1.5 Molecular Identification of Insects
The introduction of Polymerase Chain Reaction (PCR) technology and automated
sequencing has made molecular identification more reliable and accessible (Caterino et al.
2000). PCR expedites the DNA sequencing process and facilitates the selection of specific
gene regions. The development of universal PCR primers has allowed the sequencing of
DNA in species for which previously no information existed (Simon et al. 1994).

DNA sequencing is the most widely used technique for generating comparative molecular
data, as it provides comparability of sequence data across different studies and insight into
the evolutionary process of DNA diversification (Caterino et al. 2000). Sequencing has
become more accessible to the biologist as automated sequencing equipment has become
readily available, it is reasonably affordable and markers have been developed for most
evolutionary applications (Loxdale and Lushai 1998).

1.5.1 Nuclear Markers
Nuclear ribosomal DNA (rDNA) genes
rDNA is a multicopy gene complex found in nuclear DNA. This complex comprises the
28S, 5.8S and 18S regions that are interspersed with internal transcribed spacer regions
(ITS1 and ITS2, either side of the 5.8S gene, see Fig 1 below). Universal PCR primers
have been designed to anneal to several sites within the rDNA gene and sequencing of
nuclear ribosomal DNA (rDNA) has been extensive (Loxdale and Lushai 1998).

Fig 1 Diagram illustrating the organization of the nuclear ribosomal cistrons (gray boxes) of a typical
eukaryote and their primary RNA transcript (Coleman 2003).
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Numerous species level phylogenetic studies have focused on the analysis of ITS, 28S
and 18S rDNA genes. The first and second internal transcribed spacers (ITS1 and ITS2)
of rDNA have proven useful for the identification of arthropods because of the low level
of intraspecific sequence variation combined with higher levels of interspecific
differences (Otranto and Stevens 2002). Mounting evidence suggest that the rDNA ITS2
region is a good phylogenetic marker at the species or genus levels as its benefits include
ease of PCR and a relatively short region with high information content (Song et al.
2008).

The second Internal Transcribed Spacer (ITS2) is approximately 200–400 bp in length,
lies between the 5.8S and 28S subunit RNA genes and is easily amplified by PCR
(Young and Coleman 2004). The four-helix model of the ITS2 secondary structure of
eukaryotes was described by Coleman (2003). The secondary structure facilitates the
alignment of all the nucleotide positions of the ITS2 sequences of families and orders,
and even higher taxonomic levels (Coleman 2003). Formed by the folding of the primary
RNA transcript, the secondary structure is necessary for the processing in the nucleolus
of the long primary transcript of the ribosomal cistron (Young and Coleman 2004).
Comparison of sequence variation of rDNA in drosophilids demonstrated that the 3’ end
of ITS1 and the 5’end of ITS2 were highly conserved, showing sequence identity across
all species (Stage and Eickbush 2007, Schlötterer et al. 1994). Sequence conservation in
these two regions was suggested to be a result of secondary structures needed for
processing of the primary RNA transcript (Stage and Eickbush 2007). The ITS2
secondary structure has been shown to be a feature of all drosophilids and of the other
major animal groups, making the ITS2 region ideal for reconstructing evolutionary
relationships at the levels of species and genera (Schlötterer et al. 1994 and Young and
Coleman 2004).

The ITS2 gene has been found to be a useful identification tool in insects, and has been
used to identify members of the Calliphoridae, including forensically important blowfly
species. The ITS2 region has been utilised in the differentiation of all nine Australian
Chrysomya (Diptera: Calliphoridae) species using the polymerase chain reaction (PCR)
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combined with restriction fragment length polymorphism (RFLP) (Nelson et al., 2008).
PCR-RFLP analysis of the ITS2 region using five restriction enzymes (DraI, HinfI, BsaXI,
BciVI and AseI) had limited success in the separation of some species of Chrysomya. The
sister species Ch. semimetallica and Ch. latifrons had a low sequence divergence 0.23%,
and could not be separated. Similarly, there was no available restriction enzyme site to
distinguish Ch. incisuralis and Ch. rufifacies. It was concluded that the amplification of the
entire ITS region may be of benefit in the separation of Ch. incisuralis and Ch. rufifacies.

Song et al. (2008) analysed the identification potential of the ITS2 region at the species
level of 29 fly species of necrophagous flies representing three dipteran families. 63
complete ITS2 sequences from Calliphoridae; Calliphora vomitoria (Linnaeus), C. vicina
(Robineau-Desvoidy), Ardrichina grahami (Aldrich), Lucilia porphyrina (Walker), L.
bazini Se´guy, L. sericata (Meigen), L. cuprina (Wiedemann), Hemipyrellia ligurriens
(Wiedemann), Achoetandrus rufifacies (Macquart), Chrysomya megacephala (Fabricius),
Ch. pinguis (Walker), Phormia regina (Meigen), Muscidae; Muscina stabulans (Falle´n),
Synthesiomyia nudiseta (Van der Wulp), Musca domestica Linnaeus, M. sorbens
Wiedemann, Sarcophagidae; Sarcophaga Liopygia ruficornis (Fabricius) S. Liop.
crassipalpis (Macquart) Sarcophaga Parasarcophaga albiceps (Meigen), S. P. sericea
(Walker), S. P. misera (Walker), Sarcophaga Liosarcophaga brevicornis (Ho), S. Lios.
dux (Thomson), Sarcophaga Bercaea cruentata (Meigen), Sarcophaga Boettcherisca
formosensis Kirner and Lopes, S. B. peregrina (Robineau-Desvoidy) were examined.
Due to difficulties in aligning the ITS2 sequences, the phylogenetic method was
substituted with the phenetic method, with a neighbour-joining tree generated on the
similarity scores for pairs of sequences. The neighbour-joining tree generated allowed the
differentiation of each species. The tree topology concurred with the division of based on
the different geographical populations of the species C. vomitoria but failed to
differentiate between other species from varied locations such as C. vicina and M.
domestica. The ITS2 sequences were able to differentiate several subgenera of the genus
Sarcophaga. At the genus level, related species usually clustered into a clade, with the
exceptions occurring in the Lucilia and Calliphora genera. The study indicated the
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potential of the ITS2 region for use in the identification of forensically important flies
(Song et al. 2008).

Another rDNA gene which has been successfully used in the phylogenetic analysis of
forensically importanat blowflies is the 28S gene. The 28S gene makes a suitable
phylogenetic marker as genetic evolution across a diverse phylogenetic range are
exhibited, making it able to clarify ancient evolutionary relationships, and determine
recently diverged species. The 28S large sub-unit sequences of forensically important
calliphorid blowflies were analysed by Stevens and Wall (2001) to assess the phylogenetic
relationships between them. The Calliphoridae blowfly specimens used in the study were
those common to Britain and Europe, but also relevant to other parts of the world including
Australia [Calliphorinae; Calliphora vicinia (Robineau-Desvoidy), Calliphora vicinia
(Australia), Calliphora vomitoria (L.), Calliphora vomitoria (USA), Cynomya mortuorum
(L.), Luciliinae; Lucilia illustris (Meigen), Lucilia ampullacea (Villeneuve), Lucilia
Caesar (L.), Lucilia sericata (Mg.), Lucilia sericata (Denmark), Lucilia sericata (USA),
Chrysomyinae; Protophormia

terraenovae

(Robineau-Desvoidy),

and

out group

Tachinidae; Tachina grossa (Linnaeus)]. A bootstrap parsimony consensus tree was
constructed to explore the phylogenetic structure of the calliphorid blowflies. The
consensus tree provided strong support for the three subfamilies of Calliphoridae, where a
high degree of genetic relatedness of non- Lucilia sericata species was demonstrated, as
well as intra-specific genetic variation of Calliphora vomitoria (L.) and Calliphora
vomitoria (USA). The majority of the informative phylogenetic information within the 28S
region was located within two distinct regions of the gene fragment, nucleotide positions
511-710 and 1521-1830. Analysis of these two smaller subregions was consistent the
phylogenetic analysis of length of the entire 28S gene (2148 nucleotides), suggesting that
the subregions would be able to provide a reliable phylogenetic identification without the
need to analyse the entire region. However, the definitive identification of L .illustris and
L. caesar, Calliphoria and Cyanomya species require the analysis of the entire 28S gene.
This study was able to establish that the three subfamilies of Calliphoridae could be
reliably distinguished on the basis of sequence data of the 28S gene (Stevens and Wall
2001).
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Microsatellites
Sequencing of microsatellites is useful in genetic mapping and large scope genetic studies
(Estoup et al. 1993). Microsatellites are defined as short patterned non-coding regions
containing specific genetic sequences repeated one after the other (in direct sequence)
within the genome of an organism. The repeated sequence in a microsatellite consists of
two, three or four nucleotides repeated many times. Evidence supports the role of
microsatellites in gene regulation, transcription and protein function. They exhibit
complex patterns in their frequency of occurrence, genomic distribution, mutability,
function and evolution (Archak et al. 2007). Microsatellites are repetitive sequences
present throughout the eukaryote organism, they have high levels of polymorphism and
obey Mendelian inheritance and follow simple modes of evolution. Evolutionary
relationships among microsatellite alleles are complicated. Allele difference can be
produced by both repeat number variation and base variation, the base variation occurring
within the repeat regions as well as in the flanking non-repeated regions. The
conservation of some microsatellite loci across large evolutionary distance provides
strong evidence against selective neutrality of these loci. Evidence that suggests that
microsatellites are complex regions and may potentially have a functional importance
(Zhang and Hewitt 2003).

A large number of microsatellites are located in transcribed regions of genomes,
including protein-coding genes and expressed sequence tags. It has been shown that
microsatellite expansions and/or contractions in protein-coding regions can lead to a gain
or loss of gene function through frameshift mutation or expanded toxic mRNA (Li et al.
2004). For example, expansion of the CAG triplet repeats has been linked to cellular
degeneration in the central nervous system. Polyglutamine expansion is now recognized
to be a major cause of the slowly developing inherited human neurodegenerative diseases
such as Huntington disease, dentatorubral-pallidoluysian atrophy, spinobulbar muscular
atrophy, spinocerebellar ataxia types 1, 2, 3, 6 and 7 and Machado-Joseph disease. (Ferro
2001, Paulson 2000). The inclusion of microsatellites in phylogenetic studies has
improved the ability to detect population-genetic structure, to test parentage and
relatedness and to assess genetic diversity (Zhang and Hewitt 2003).
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Microsatellites have shown to be good polymorphic markers for the study of population
genetics and have been widely used in phylogenetic analyses of insects and for
population genetic studies (Otranto and Stevens 2002). Polymorphic microsatellite
markers have been used to investigate Diptera: Calliphoridae, specifically the new world
screw-worm (NWS), Cochliomyia hominivorax which is a parasitic insect pest of primary
importance in Neotropical regions (Torres et al. 2004 and Torres and Azeredo-Espin
2005). Torres et al. (2004) examined 30 NWS specimens from locations across South
America to assess 10 polymorphic microsatellite markers. The level of polymorphism for
C. hominivorax was sufficient to distinguish different populations when these 10
microsatellite markers were used in combination. The number of alleles per locus ranged
from four to eight, with a mean of 6.9. Six loci were assessed as being potentially useful
in the genetic analysis of Cochliomyia macellaria, and in other forensically important
Calliphoridae species such as Chrysomya bezziana, Chrysomya putoria and Lucilia
cuprina.

This work was further extended with seven new polymorphic microsatellite markers for
C. hominivorax being examined for their potential usefulness in genetic and population
studies of this species (Torres and Azeredo-Espin 2005). The number of alleles per locus
ranged from 3 to 13, and the observed and expected heterozygosities ranged from 0.3333
to 0.8000, and from 0.4220 to 0.9045, respectively.

In combination with the 10

polymorphic microsatellite markers already described (Torres et al. 2004), the seven new
markers were polymorphic, providing high resolution of the genetic organisation of New
World screw-worms. These markers allow the assessment of the evolutionary structure
and population variability studies of C. hominivorax, which assists with monitoring and
eradication of the species. Similar to the discovery by Torres et al. (2004), the seven new
markers were found useful in other forensically important Calliphoridae species;
Cochliomyia macellaria, Chrysomya bezziana, Chrysomya putoria, Lucilia cuprina.
Further research utilized twelve of the above mentioned molecular markers (Torres et al.
2004, Torres and Azeredo-Espin 2005) to assess the genetic diversity between different
geographical populations of C. hominivorax from the Caribbean islands. Analysis showed
a moderate to high level of genetic variability between samples of the NWS from
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different localities. A reduction in genetic variability was reported in most populations,
with Port of Spain (Trinidad and Tobago), being affected the most. The use of these
microsatellites for genetic population analysis of NWS will provide valuable information
for pest management and eradication of C. hominivorax throughout the Caribbean
islands, and for the potential future use for genetic and population studies in forensically
important blowfly species (Torres and Azeredo-Espin 2009).

Microsatellite markers assisted in the assessment the genetic variability and population
structure of Afrotropical blowflies of forensic importance; Chrysomya albiceps
(Wiedemann) and Chrysomya putoria. The larvae of these blowflies feed on
decomposing carcasses and can be used as indicators of the PMI (Rodrigues et al. 2009).
Second and third-stage larvae become predatory on the larvae of other Diptera and they
can also cause primary and secondary myiasis in sheep and other mammals (Torres and
Azeredo-Espin 2008). Originating in the Old World Chrysomya species C. putoria and
C. albiceps rapidly dispersed across the Americas after their introduction to the New
World. Two other Old World Chrysomya species (Chrysomya megacephala and
Chrysomya rufifacies) have also been introduced into the New World, competing with
and displacing native calliphorid species, such as Cochliomyia macellaria (Rodrigues et
al. 2009; Torres and Azeredo-Espin 2008).

To determine the population structure of Chrysomya populations from South America,
microsatellite markers for C. albiceps and C. putoria were examined. Twelve
polymorphic microsatellite loci were examined for C. putoria using specimens from two
locations in Brazil and 13 polymorphic microsatellite markers for C. albiceps from two
locations in Central Brazil (Torres and Azeredo-Espin 2008). Results indicated the two
geographically separated C. putoria populations were polymorphic with an average
number of alleles per locus of 5.3. The average number of alleles observed in C. albiceps
microsatellites was 5.7 (Rodrigues et al. 2009). A reduction in the genetic variability and
heterozygosity of Chrysomya microsatellite loci was demonstrated, which was a
considered to be a result of a reduction in gene flow between the geographically
separated populations (Rodrigues et al. 2009). Polymorphic microsatellite loci have the
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potential to be valuable tools in the investigation of C. putoria and C. albiceps, the
phylogenetic analysis of population structure and variability, as well as the migration of
the species into new regions. Forensically, these markers have the potential to determine
the origin of a species and location of a crime scene through species identification
(Rodrigues et al. 2009; Torres and Azeredo-Espin 2008).

Single Nucleotide Polymorphism (SNP)
SNP refers to single nucleotide polymorphism. Brookes (1999) describes SNPs as single
base pair positions in genomic DNA at which different sequence alternatives (alleles)
exist in normal individuals in some population(s), wherein the least frequent allele has an
abundance of 1 or greater. SNPs occur every 1,000–2,000 bases within the human
genome, the high number of SNPs making them suitable for comprehensive haplotype
analysis. SNPs are binary, and are suitable for automated genotyping. SNPs have a low
rate of recurrent mutation, making them stable indicators of evolution (International SNP
Map Working Group 2001).

Biallelic markers such as SNPs have become increasingly popular markers for various
population genetics applications. However, the unavailability of SNP markers in most
organisms has limited their potential use in genetic studies (Ryynänen et al. 2007). SNP
markers are usually developed specifically for particular projects as PCR primers that
amplify regions with high intraspecific variability. SNP markers will provide additional
information that can be used in conjunction with mitochondrial and microsatellite DNA
markers to resolve complex evolutionary relationships (Zhang and Hewitt 2003). SNP
markers have not been used previously for the identification of forensically important
blow flies.

Nuclear Protein Coding Genes
A number of nuclear protein coding genes have been used in the discrimination of
evolutionary relationships, the most studied locus being elongation factor-1-alpha (EF-1α)
(Caterino et al. 2000), EF-1α is a protein involved in the GTP-dependent binding of an
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aminoacyl-tRNA to the empty A site of the ribosome. The amino acid sequences of EF-1α
are highly conserved between species and are useful in studying the phylogenetic
relationships in insects both among species groups, and genera within (sub)-families
(Candido-Silva and Monesi 2010).

Nuclear protein coding genes are frequently used in combination with mtDNA markers to
improve the resolution of phylogenetic studies. Ready et al. (2009) investigated the Old
World screwworm fly, Chrysomya bezziana Villeneuve (Diptera: Calliphoridae). The
adult flies feed on decaying tissue. However, their larvae feed on the living tissue of
mammals, which is of particular concern to the agriculture industry of effected countries.
The cytochrome b gene in conjunction with the highly conserved EF-1α gene and the less
conserved white gene were used to resolve the genetic relationships of geographically
separate populations of Ch. bezziana from Oman, Iran, Hong Kong and the Indonesian
islands of Sulawesi and East Sumba (Ready et al. 2009). Nine haplotypes were identified,
with a single haplotype occurring in all populations except Iraq and Sulawesi. All
specimens were characterised by sequencing the 3 ′ terminal 715 bp of the cytochrome b
gene (CB fragment), and some individuals were characterized by sequencing fragments
of two nuclear loci (EF-1α and white gene). The cytochrome b gene demonstrated a lack
of genetic variability of Ch. Bezziana populations in Iraq, Iran and mainland Southeast
Asia and identified two main haplotypes. Neither of these haplotypes were reported in
Indonesia. Individual haplotypes were identified in Indonesia, Sulawesi, Oman and East
Sumba which demonstrated the geographical confinement of haplotypes within their
region. EF-1α identified alleles common to numerous locations (Iraq, Iran, Malaysia and
Indonesia), and geographically restricted alleles were identified in Iraq and Indonesia.
This research is suggestive that the geographical isolation of the different populations
might be controlled on Indonesian islands by using sterile insect technique (SIT), without
a high risk of reinvasion. The use of Ch. bezziana in a forensic capacity is limited - the
adults are attracted to decaying matter and therefore may be found on corpses. However,
the larvae feed on living tissue, so the estimation of PMI derived from larval infestation is
limited. The nuclear protein molecular markers highlighted in this study may have
applications for other forensically important blowflies within the genus Chrysomya.
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1.5.2 Mitochondrial Markers
Mitochondrial genes are often chosen for evolutionary studies as they are clonally
inherited, single-copy, non-recombining and abundant (Simon et al. 1994). mtDNA has
been widely used for taxonomic, population and evolutionary investigations in mammals
as well as in arthropods because it is easy to isolate and contains conserved sequences
that make it possible to use universal primers (Otranto and Stevens 2002).

Animal Mitochondrial DNA
Mitochondria are cellular organelles that are responsible for the production of adenosine
triphosphate (ATP), apoptosis, disease and aging. Within the mitochondria is a genome
that is independent from nuclear DNA. This mitochondrial DNA (mtDNA) is haploid
(typically having only one sequence in an organism that can be detected), usually circular
and is maternally inherited. Every mitochondrion contains hundreds or thousands of
mtDNA copies. This abundance of DNA can be very useful to identify degraded or ancient
DNA samples or samples where the DNA concentration is low (Benecke and Wells 2001).

Metazoan mtDNA genomes range in size between 14 kb (the nematode Caenorhabditis
elegans) and 42 kb (the scallop Placeopectin megellanicus) (Wolstenholme 1992). In
animals, mtDNA is generally a 15–20 kb genome containing 37 genes. Larger
mitochondrial genomes are the product of duplications of portions of the mtDNA rather
than variation in gene content (Boore 1999). The mtDNA molecule of a human was the
first metazoan mtDNA genome to be fully sequenced and analysed for gene content and
was found to contain; 2 ribosomal RNAs (16S and 12S), 22 transfer RNAs (tRNAs)
necessary for the translation of the proteins encoded by mtDNA, and 13 open reading
frames. 6 of these open reading frames were identified as enzymes or components involved
in oxidative-phosphorylation. Cytochrome b (Cyt b), subunits I-III of cytochrome c (COIIII), ATPase6 and ATPase8. The seven remaining open reading frames encode subunits of
the NADH dehydrogenase complex (ND1-6 and ND4L) (Wolstenholme 1992, Boore
1999). All of the 37 genes typically found in animal mtDNA have homologs in the
mtDNAs of plants, fungi and/or protists (Boore 1999).
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The mtDNA molecule also contains a single large non-coding region which is known to
contain controlling elements for replication and transcription. The major non-coding region
of mtDNA in vertebrates is called the control region or D-loop. Invertebrates have a similar
non-coding region called the A+T rich region, because of its high proportion of adenine
and thymidine bases (Benecke and Wells 2001, Boore 1999).

Insect Mitochondrial DNA
Extensive studies into the mtDNA of Drosophila species show that the same genes are
present in both mammals and invertebrates, however their arrangements may differ
(Wolstenholme and Clary 1985).

Much of our knowledge of the insect mitochondrial genome is derived from the gene map
of Drosophila yakuba, which was the first invertebrate mtDNA molecule to be completely
sequenced (Clary and Wolstenholme 1985). In an analysis of 12 species of Drosophila
species, it was found that there was a high overall conservation of the Drosophila mtDNA
genome with no gene rearrangements (See Fig 2 below) (Montooth et al. 2009).
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Fig 2 - Gene content and organisation across 12 Drosophila mtDNAs (D. melanogaster, D. simulans siII,
D. sechellia, D. mauritiana maII, D. yakuba, D. erecta, D. ananassae, D. persimilis, D. willistoni, D.
mojavensis, D. virilise, D. grimshawi). Arrows indicate the coding strand for each element on the major
(outer) and minor (inner) strands. Where intergenic regions occur, the range of intergenic lengths (bp)
observed across species is given. tRNAs are labelled with the one-letter amino acid code. ND1-6, 4L
encode components of NADH dehydrogenase (Complex I); Cyt – B, cytochrome B (ComplexIII); COIIII, cytochrome C oxidase (Complex IV); ATPase6,8, ATP synthase (Complex V) (Montooth et al.
2009).

mtDNA tRNA genes
Nucleotide sequences and the rearrangements of mitochondrial DNA gene order may be
used as a tool for defining the pattern of evolutionary divergence in arthropod taxa. The
order of mitochondrial genes, especially the positions of tRNA genes, has been used to
support phylogenetic relationships of the major arthropod groups (Roehrdanz et al. 2002
and Boore et al. 1995). Mitochondrial tRNA genes are less constrained than their highly
conserved nuclear counterparts, evolving at a higher rate. However, mitochondrial tRNA
genes evolve more slowly than mitochondrial protein coding genes, suggesting that they
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are under structural and functional constraints (Simon et al. 1994). mtDNA tRNA genes
can fold into four-armed (clover-leaf) secondary structures, displaying a size variation in
both the sequence of the loops of the dihydrouridine (DHU) and TψC (Wolstenholme
1992).

Some of the forensically important blowfly species have been reported to contain 23
tRNA genes within their mitochondrial genome (Junqueria et al. 2004; Lessinger et al.
2004), deviating from other Diptera that contain 22 tRNA genes (Wolstenholme 1992).
First discovered in Chrysomya chlorophyga, Junqueria et al. (2004) reported the
complete duplication of the tRNAIle and partial duplication of the tRNAGln gene in the
mitochondrial genome. Further investigation of other Chrysomya species identified the
tRNA duplications and pseudogene were not limited to Ch. chloropyga but were present
in other members of the genus. Amplification of the control region and surrounding genes
of three species of (Diptera: Calliphoridae); Chrysomya megacephala, Ch. albiceps, Ch.
chloropyga has revealed duplicated tRNAIle and partial duplication of the tRNAGln genes
(Lessinger et al. 2004). These features were also discovered in the mtDNA genome of
Ch. bezziana and Ch. rufifacies (Duarte et al. 2008). These duplications may be a
conserved trait in Chrysomya species, and may prove useful in their molecular
identification (Junqueria et al. 2004; Lessinger et al. 2004; and Duarte et al. 2008). tRNA
gene rearrangements are not only limited to the Chrysomya genus, but have been reported
in other calliphorids where a duplicated tRNAIle was located in Calliphora dubia and a
larger duplication involving tRNAIle and tRNAGln genes were reported in Phormia regina
(Duarte et al. 2008). As the duplicate genes were found to be identical in these species, it
is postulated that a mechanism for maintaining the homogeneity of the two copies, such
as concerted evolution, may be active in these forensically important blowflies. The gene
duplication in all of the Calliphoridae species occurred within the same genomic location,
the variable domain of the control region, suggesting that this could be a hot spot for gene
rearrangements in the mtDNA of this family (Duarte et al. 2008).

Rearrangements of tRNA genes have been reported in other insect orders which are
useful in gene evolution studies. Dowton et al. (2009) evaluated the hymenopteran
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mitochondrial genome to investigate the mode of mitochondrial gene order evolution and
its accelerated rate of gene rearrangement. Nine mitochondrial genome sequences from
the Hymenoptera were assessed; six of these mitochondrial genomes from the Aculeata
(Apoidea, Chrysidoidea, and Vespoide), together with two additional non-apocritans
(Cephus and Orussus) and three additional apocritans (Schlettererius, Enicospilus, and
Venturia). Rearrangements of the tRNA genes were reported with tRNAMet arrangements
being the most common followed by tRNAIle changing position seven times, and tRNAGln
changing position six times. Genes located close to the noncoding region (the IQM
cluster) were found to be the most mobile and gene rearrangements within the
mitochondrial genome were in all likelihood selectively neutral (Dowton et al. 2009).

Derived arrangements of the IQM transfer RNA assembly has been reported in five
lepidopteran superfamilies (Papilionoidea, Noctuoidea, Pyraloidea, Tortricoidea, and
Bombycoidea), however, in this arragngement the location of the tRNAMet gene is
between the control region and tRNAIle gene (MIQ) and is thought to be a a shared
derived feature of all moths (Cameron et al. 2007).

Protein Coding Genes
The protein coding genes are the most frequently sequenced mitochondrial genes for
evolutionary studies and phylogenetic analysis. Protein coding genes commonly analysed
include; COI, COII, 16S, and 12S. COI has also been widely sequenced, yet the specific
region chosen has varied from study to study (Sunnucks and Hales 1996, Caterino et al.
2000, Wallman and Donnellan 2001, Schroeder et al. 2003). COI and COII have been
sequenced over a wide variety of taxa with homologous sequences available for nearly all
orders such as Lepidoptera, Orthoptera, Hemiptera, Hymenoptera, Diptera, Coleoptera,
Neuroptera and Siphonaptera (Caterino et al. 2000).

The first subunit of the mtDNA CO gene, corresponding to nucleotides 1490-2198 of the
Drosophila yakuba sequence (Clary and Wolstenholme 1985), has been identified as an
area of interest for ‘DNA barcoding’ (Hebert et al. 2003, Nelson et al. 2007). This region
has a rate of molecular evolution that is about three times greater than that of 12S or 16S
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rDNA, its third-position nucleotides showing a high incidence of base substitutions. The
success of universal primers for this gene enables the analysis of amino acid substitutions
to initially designate an unidentified organism to a higher taxonomic group before
examining nucleotide substitutions to determine its species identity (Hebert et al. 2003).
The DNA sequences are used as genetic ‘barcodes’ that may potentially be used as a
bioidentification system for all animals and has proven to be a useful identification tool
for vertebrates such as birds (Hebert et al. 2004), fish (Ward et al. 2005), and
invertebrates such as the neotropical skipper butterfly (Astraptes fulgerator) (Hebert et al.
2004), tropical parasitoid flies (Diptera: Tachinidae) (Smith et al. 2007) and scuttle flies
(Diptera: Phoridae) (Boehme 2010). Nelson et al. (2007) successfully sequenced and
analysed the 658 bp region of the COI barcode region of nine Australian Chrysomya
species. All Chrysomya species were resolved as reciprocally monophyletic groups,
including sister species with low sequence divergence.

The identification potential of the mitochondrial COI subunit was evaluated in six
different species of forensically important Calliphoridae blowflies in Bonn, Germany:
Calliphora vicina, Calliphora vomitoria, Lucilia caesar, Lucilia sericata, Lucilia
illustris, and Protophormia terraenovae (Reibe et al. 2009). The neighbourjoining
method was used to analyse the COI sequence as described by Nelson et al. (2007), with
all Calliphorinae species resolved as monophyletic groups despite low COI divergences
between some sister species (Reibe et al. 2009). COI has also been used to successfully
differentiate between other closely related blowflies. Lucilia cuprina (Wiedemann) and
Lucilia sericata (Meigen) share many phenotypic characteristics, and are often only
differentiated at the molecular level. It is hypothesised that they are the result of
hybridization, however the geographical distribution of the flies suggest a common
origin. L. cuprina is divided into two morphological subspecies, the first L. cuprina
dorsalis (Robineau-Desvoidy), occurs in Africa and is the principal type in much of
Australia. The other subspecies, L. cuprina cuprina (Wiedeman), is found in the
Neotropics, Southern Nearctic, Hawaii, Southeast Asia, and some tropical regions of
Australia. The two molecular markers were evaluated for molecular discrimination of the
species; the mtDNA COI region and the nuclear 28S gene. 37 sequences from 18
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different species in the subfamily Luciliinae were amplified. The COI analysis found
strong support for reciprocal monophyly between L. sericata and each of the two forms
of L. cuprina, with bootstrap values of 97% and 98%, respectively. The 28S results
demonstrated reciprocal monophyly between L. cuprina and L. sericata, with some intraspecific variability which was expected as samples were collected from various
geographical locations. The study found that COI region analysis can be used as a
valuable tool for identification of the forensically important species Lucilia cuprina and
Lucilia sericata (DeBry et al. 2010).

Wallman et al. (2005) used a combination of mitochondrial genes to improve the genetic
identification of carrion-breeding blowflies. The gene sequences of COI and COII were
combined with gene sequences of ND4 and ND4L in an effort to clarify evolutionary
relationships and correctly identify the species. This combination of gene sequences
unambiguously identified a large portion of the specimens included. However the
molecular differentiation between Ch. saffranea and Ch. megacephala could not be
demonstrated using this method as they are very closely related. The authors went on to
identify possibly two Ch. rufifacies species in Australia, one in the north-east and one in
the south-east, which are indistinguishable morphologically, yet have greater then 4%
sequence divergence which may account for different behaviour patterns and arrival
times at carrion, in different areas of Australia (Wallman et al. 2005). The possibility of
two Ch. rufufacies species may also explain why some Ch. rufifacies oviposit on fresh
carrion, whereas others will not oviposit until decay of the carrion has been initiated
(O’Flynn and Moorhouse 1979). Further exploration of a possible cryptic species of Ch.
rufufacies was investigated by Lessard et al. (2009). A642 bp fragment of the COII gene
of 35 Ch. rufufacies specimens collected from various locations within Australia were
sequenced and all specimens resolved as a monophyletic group. The cryptic Ch.
rufufacies; Kuranda (78516) and North Brother (78518) (Wallman et al. 2005) originally
grouped with the Lucilia porphyrina clade, however, after re-extraction, amplification
and sequence analysis, the two specimens grouped with the major Ch. rufufacies clade.
This study did not support the existence of two putative cryptic species of Ch. rufufacies,
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and suggested that there may have been cross contamination with Lucilia porphyrina or
labelling errors in the original analysis of these specimens (Lessard et al. 2009).

In Thailand, the COI and COII regions have been used in the identification and
phylogenetic analysis of three common forensically important blowflies using the
polymerase chain reaction restriction fragment length polymorphism (PCR-RFLP). Three
Diptera: Calliphoridae blowflies Chrysomya megacephala, Chrysomya rufifacies and
Lucilia cuprina were analysed from varying locations of Thailand including; Bangkok,
Phitsanulok, Chiang-Mai, Tak, Chumphon and Buri-Ram. Reciprocal monophyly was
demonstrated between species with no significant intraspecific divergence in blowfly
specimens from different geographical populations, demonstrating the utility of the CO
genes for species identification of forensically important in blowflies in Thailand
(Preativatanyou et al. 2010).

Most of the published evidence is supportive of the cytochrome oxidase subunits for use
in molecular identification, however, some research has reported difficulties caused by a
maternally transmitted bacterial infection of insects. In insects, the endosymbiotic
bacterium Wolbachia is maternally transmitted and causes a number of reproductive
alterations in their hosts. When a population becomes infected with Wolbachia, the
bacteria will rapidly spread and the mtDNA type associated with the initial infection will
spread through the population by indirect selection. Wolbachia may influence mtDNA
variation at the intraspecific or interspecific level. At the intraspecific level, Wolbachia
may reduce mtDNA polymorphism limiting the suitability of Wolbachia-infected species
data in population studies, but may pose no issue for barcoding. However, Wolbachia can
also affect mtDNA variation between species causing introgression between closely
related species, which has been researched by Whitworth et al. (2007). The involvement
of Wolbachia infection in mtDNA introgressions, and the possibility of barcoding of 12
species of Protocalliphora; P. asiovora, P. bennetti, P. deceptor, P. falcozi, P. halli, P.
hirundo, P. metallica, P. occidentalis, P. rognesi, P. rugosa, P. shannoni and P. sialia
were investigated (Whitworth et al. 2007). Individuals grouped together in only four
species (P. deceptor, P. falcozi, P. halli and P. rognesi). The main objective of DNA
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barcoding is species identification, the approach relies on the monophyletic status of a
species, however in this analysis of Protocalliphora, reliable identification can be
reported for only the four species. The identification at the species level based on COI
barcoding was not possible as infection with Wolbachia had resulted in interspecific
mtDNA introgression, however barcoding at the genus level remained a potential. This
study reported that the Protocalliphora genus showed a very high error rate for specimen
identification and species discovery and was most likely to be associated with Wolbachia
infection of the insect (Whitworth et al. 2007).

Mitochondrial Ribosomal RNA genes (12S and 16S)
The ribosome is a large complex of both RNA and protein, the RNA component catalyses
protein synthesis. An important model for studying RNA evolution is the ribosomal RNA
(rRNA). rRNA is present in all existing species and can therefore be used to establish the
evolutionary relationships between them. RNA molecules fold into defined structures that
are critical for their biological functions. During RNA evolution, the structure is much
more conserved than the sequence. The sequence variations that contribute to differences
between species are those that preserve the structure and function of the RNA molecule
(Smit et al. 2007). The 5' regions of the small rRNA gene (371 nucleotides) and of the
large rRNA gene (643 nucleotides) of Drosophila yakuba were decribed by Clary and
Wolstenholme (1985). They noted the low C+G content and the ability for D. yakuba mtrRNA genes to fold into secondary structures similar to secondary structures proposed for
the rRNAs of mouse mtDNA.

An evaluation of the mtDNA of four dipteran families represented by multiple samples
(Culicidae, Tephritidae, Calliphoridae and Drosophilidae) was performed by Cameron et
al. (2006). These authors established that the tree topologies derived from the rRNA
genes contrast with previously accepted dipteran phylogenies, reporting that the large
subunit RNA was highly homoplasious. Other difficulties associated with rRNA genes
for use in phylogenetic analysis included a lack of consistent annotation across sequenced
insect mt genomes, and a need for functional methods of annotation of mt rRNA genes
based on secondary structure analyses for comparison.
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The 12S and 16S rDNA genes have been used in the phylogenetic analysis of forensically
important flies and other dipterans. The (Diptera: Drosophilidae) Drosophila virilis
Sturtevant species group has been considered as one of the best model systems for the
study of phylogenetic analysis. The group has been divided into two clades, D. virilis and
D. montana. The D. virilis group is separated into four lineages; the D. virilis clade, the
D. montana subclade, the D. littoralis Meigen subclade, and the D. kanekoi subclade. A
complete sample of species of the D. virilis group was sequenced for the partial 3’ region
of the 12S ribosomal RNA gene, the complete tRNAVal, and the 5’ region of the 16S
rRNA. Fourteen species of Drosophila were examined; Drosophila americana,
Drosophila texana, Drosophila novamexicana, Drosophila lummei, Drosophila virilis,
Drosophila borealis (eastern), Drosophila borealis (western), Drosophila flavomontana,
Drosophila lacicola, Drosophila montana, Drosophila ezoana, Drosophila littoralis,
Drosophila canadiana, Drosophila kanekoi and Drosophila arizonae. All tree topologies
showed support for four lineages within the D. virilis group, consisting of; the virilis
clade (D. virilis, D. americana, D. texana, D. novamexicana, and D. lummei, the montana
subclade (D. montana, D. borealis, D.lacicola, D. flavomontana) the littoralis subclade
(D. littoralis, D. ezoana and D. canadiana) and the kanekoi subclade (D. kanekoi). There
was strong support for these four lineages, however, the rDNA genes provided little
support and resolution of the relationships within the groups. Separation of the two
sampled strains of D. borealis (D. borealis-eastern and D. borealis-western) provide
evidence to suggest that the D. borealis population represents two separate species. The
separation of the D. virilis and D. montana clades was estimated to have occurred
approximately 11 million years ago. The four subclades were resolved in the analyses
demonstrating that the mitochondrial 12S and 16S rDNA genes are useful in resolving
the phylogenetic relationships of (Diptera: Drosophilidae), and may be of further use for
the study of forensically important Diptera (Spicer and Bell 2002).

16S rDNA is a molecular marker existing in mitochondria and has a high conserved
region. A 250 bp region of the 16S rDNA gene mitochondrial gene was selected for
analysis for 8 species of forensically important blowflies, collected from 10 sites in
China. All blowflies were members of the Calliphoridae family: Lucilia; Lucilia sericata;
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Lucilia bazini; Lucilia illustris; Lucilia porphyrina; Lucilia caesar; Calliphora;
Calliphora vicina; Chrysomya; Chrysomya rufifacies; Chrysomya megacephala. A total
of 25 individuals were sequenced and 250 bp of the 16S rDNA gene was aligned. A
neighbor-joining (NJ) tree classified all specimens into four main groups with high
bootstrap support. Chrysomya megacephala, Chrysomya ruffifacies and Calliphora
vicina, all formed monophyletic groups with high bootstrap support. Five species of the
genus Lucilia genus (contains Lucilia caesar, Lucilia bazini, Lucilia illustris, Lucilia
porphyrina, Lucilia sericate) were grouped together as a clade, Lucilia porphyrina and
Lucilia caesar formed a separate group within the clade with low support. The sequence
analysis of the 250 bp region of 16S rDNA was able to successfully distinguish
Calliphoridae species collected from different locations of China. The results of mtDNA
sequence analysis corresponded with the morphological classification of the flies. All the
species of the Calliphoridae family were reliably separated however due to low
interspecific variation, sequencing of a larger fragment of the 16 region would be
beneficial to definitively discriminate between closely related species pairs such as
Lucilia caesar and Lucilia porphyrina, Calliphora vomitoria and Calliphora vicina
(Xinghua 2010).
16S has also been used in the identification of other flies of potential forensic importance
in the family (Diptera: Muscidae). Li et al. (2010) analysed the morphological
characteristics and 16S rRNA sequences for the identification of Muscidae species, as the
immatures of Musca and Ophyra are often found on carcasses they have an important
role in the forensic investigation in China. A 289 bp fragment of the mitochondrial 16S
rRNA gene was successfully sequenced for specimens from M. domestica, O. spinigera,
O. chalcogaster, M. hortorum and F. canicularis collected from 13 different locations.
The neighbor-joining (NJ) tree indicated intraspecific variation of M. domestica, O.
spinigera and O. chalcogaster in differing geographical populations. The Ophyra
specimens grouped together, O. spinigera and O .chalcogaster forming individual clades.
Morellia hortorum and F.canicularis formed a group, differentiation between the two
species remaining possible. The interspecific variation between O. spinigera and O.
chalcogaster was high enough to allow discrimination between the two species. The
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average interspecific variability between the M. domestica allowed differentiation. The
outcome of the study concluded that forensically important Muscidae species in China
could be distinguished by the 289 bp fragment of the mitochondrial 16S rRNA gene (Li
et al. 2010).

1.6 Heteroplasmy in Mitochondrial DNA
Normal cells contain thousands of identical mtDNA molecules; this condition is known as
homoplasmy. When there is more than one type of mtDNA genome present, the state is
known as heteroplasmy (Tsang and Lemire 2002). Reports of single nucleotide
heteroplasmy (or point heteroplasmy) in human mtDNA have been reported in the remains
of Russian Tsar Nicholas II (Ivanov et al. 1996), as has length heteroplasmy of cytocine
nucleotides (C-tracts) in the human mtDNA control region (Forster et al. 2010).

Tandem duplicated sequences in the A+ T rich control region have been observed in a
variety of animal groups. Heteroplasmy, due to the difference in the number of tandemly
repeated sequences, has been described for many hexapod taxa, including representatives
from the Orthoptera, Diptera, Coleoptera, and Hymenoptera (reviewed in Zhang and
Hewitt 1997, Nardi et al. 2001).

Size differences in the mtDNA control region of insects is largely due to variation in the
size and copy number of repeat units, and accounts for most size variation of the
mitochondrial genome. Variation in the copy number of tandem repeats in the mtDNA has
also been reported within individuals, resulting in length heteroplasmy of certain insect
populations such as crickets and bark weevils. (Zhang and Hewitt (1997).
With the increased sequencing of the mtDNA genome, more sequence heteroplasmy has
been reported. Studies of Caenorhabditis elegans nematodes demonstrated the deletion of
11 genes from the mtDNA genome in particular strains. The deletion consists of four
protein-coding and seven tRNA genes and is referred to as the uaDf5 mutation (Tsang
and Lemire 2002).

26

Length variation in Tetrodontophora bielanensis (Onychiuridae) due to tandem repetition
of sequence has been demonstrated within the A+T rich mtDNA control region. Three
haplotypes were reported, which were identified by the number of tandem repeats present
(Nardi et al. 2001).

In a study on grasshoppers of the genus Chitaura (Orthoptera: Acrididae) from Sulawesi,
Indonesia, mitochondrial DNA sequencing revealed an unexpectedly high incidence of
heteroplasmy at the level of base substitutions in the cytochrome oxidase 1 (CO1) region.
The study reported a range of sequence variants within an individual, containing different
combinations of the variant sites (Walton et al. 1997).

1.7 Mitochondrial DNA Control Region of Insects
The mitochondrial genome of insects contains a single major non-coding region, which is
believed to be responsible for the regulation of transcription and control of DNA
replication. This major non-coding region has therefore been called the ‘control region’.
The region is rich in adenine and thymidine nucleotides and is also known as the A+T rich
region (Zhang and Hewitt 1997). This region has been shown to contain up to 96%
adenine and thymidine (in the honeybee and the fruit fly) (Zhang and Hewitt 1997).

The high A+T content of the control region is a characteristic of insects, and A+T
directional mutation pressure may have been exerted on this region early in the radiation
of insects (Zhang and Hewitt 1997). Clary and Wolstenholme (1985) suggested that the
preferential A+T nucleotide substitution pattern within invertebrate mtDNA is due to
long-term evolution, the various enzymes responsible for transcription and replication of
DNA functioning optimally with a high A+T content. This may cause difficulties to arise
when using the control region for phylogenetic studies, as it is more A+T rich than the
rest of the genome.

Due to a preference for only two nucleotides for substitution,

convergence will be high and difficult to detect.

The control region is subject to

extensive length variation (Zhang and Hewitt 1997). This has been shown in crickets
(Gryllus firmus) where extreme length variation due to the presence or absence of tandem
repeats and homopolymer runs, has been demonstrated (Rand and Harrison 1989). The
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control region of Drosophila melanogaster has also been reported to have extreme length
variation (Hale and Singh 1986). This suggests that caution should be taken with
alignment and significant testing is needed to distinguish between random matches and
homology (Simon et al. 1994).

The location of the control region within the mitochondrial genome of invertebrates shows
great diversity.

These include differences in the regions flanking the control region

amongst different taxa, which are due to tRNA transposition during evolution. Primers
designed to amplify the control region and surrounding genes will work well for one taxon,
but may fail for others due to an altered gene order surrounding the control region (Zhang
and Hewitt 1997). This is particularly true for primers designed to anneal to the tRNAIle
gene, as some genera of blowfly such as Chrysomya contain duplicated tRNA gene
sequences corresponding to tRNAIle which flank the control region (Lessinger et al. 2004,
Oliveira et al. 2006). Other dipterans, such as Calliphora dubia (Macquart) and Phormica
regina, have been shown to contain an additional tRNAIle gene flanking the control region
within the variable domain, making this region a hot spot for mtDNA gene rearrangement
in Calliphoridae species (Duarte et al. 2008) .

Zhang and Hewitt (1997) compared the control region sequences of insects such as
Schistocerca gregaria (desert locust), Chorthippus parallelus (grasshopper) and the fruit
flies Drosophila virilis and Drosophila tristis. They found that sequence conservation
patterns differed between Drosophila species and other insects, with the control regions
forming two distinct groups (Group 1 and Group 2).

Taxa with Group 1 control regions include the fruit flies (Zhang and Hewitt 1997),
calliphorid flies (Lessinger and Azeredo-Espin 2000, Junquerra et al. 2004, Lessinger et al.
2004, Duarte et al. 2008) and muscid flies (Oliveira et al. 2007); these taxa have two
distinct domains within the control region. The first domain lies adjacent to the tRNAIle
gene, is highly conserved among Drosophila, and contains a putative replication origin and
conserved sequence blocks (CSBs). The second domain includes the rest of the region and
is variable in nucleotide sequence and length due to large repeated fragments, tandem
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repeats and indels (Zhang and Hewitt 1997, Duarte et al. 2008). Another reported feature
in the variable domain of the Control Region are G islands, which may be associated with
the termination of mtDNA replication, reported in muscid (Oliveira 2007) and calliphorid
species (Duarte et al. 2008).

The insects belonging to Group 2 as described by Zhang and Hewitt (1997) have a control
region that cannot be divided into distinct conserved or variable domains. Insects with
Group 2 control regions include grasshoppers, mosquitoes and possibly butterflies. Short
conserved sequence blocks are located throughout the region, while tandem repetition has
also been observed (Zhang and Hewitt 1997).

1.8 Mitochondrial DNA Control Region of Diptera:
Calliporidae
Lessinger and Azeredo-Espin (2000) sequenced and assessed the control region of five
dipteran species of myiasis causing flies. They identified two structural domains within
the mtDNA control region (domain A and domain B).

The domains display specific evolutionary patterns, with conserved and variable
sequences structured within specific domains. Domain A was found to be a highly
conserved region between the species, suggesting that it is under functional constraints,
whereas domain B sequences were found to be highly divergent. The Motif Alignment
and Search Tool (MAST) is a tool used to identify sequence patterns and sequence
homology occurring in DNA sequences. This tool identified eight conserved sequence
blocks (CSB) in domain A near the clustered tRNAIle, tRNAGln and tRNAMet genes, while
highly variable sequences were located near the 12S gene (Fig 3). The identification of
CSBs was based on a minimum of four consecutive identical sites on the aligned
sequences, with 10 bp minimum length until the next series of four divergent sites was
reached (Lessinger and Azeredo-Espin 2000). These CSBs were also identified in the
conserved domain of the mtDNA control region of 15 calliphorid species (Duarte et al.
2008).
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Fig 3: MAST diagram for Domain A of Ch = C. hominivorax, Cm = C. macellaria, Le = L. eximia, Cg =
Ch. megacephala and Dh = D. hominis. The diagram shows Conserved Sequence Blocks (CSBs) within
the mt DNA control region of five dipteran fly species (Lessinger and Azeredo-Espin 2000).

Domain B was found to be highly length variable, with the length variation being
attributable to insertion/deletion events and short repeat sequences (Lessinger and
Azeredo-Espin 2000). Duarte et al. (2008) also identified this variable region, nominating
the length variation to be due to large repeats, short tandem repeats and indels. G islands
were described in this variable region, acting as a possible termination signal for mtDNA
replication in calliphorid species. The structural organisation of the control region for
these blowflies was seen to agree with Group 1 as described by Zhang and Hewitt (1997),
which is similar for the Drosophila species.

Studies by Lessinger and Azeredo-Espin (2000) and Lessinger et al. (2004) have focused
on the structural organisation and flanking genes of the mtDNA control region in myiasiscausing flies. Lessinger et al. (2004) analysed the mtDNA control region and flanking
genes of three species of Chrysomya. This work identified the presence of duplicated
tRNA sequences corresponding to tRNAIle and a portion of tRNAGln. It is thought that the
partially duplicated tRNAGln is a pseudogene as most of the sequence of tRNAGln was
absent (Fig. 4).
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Fig 4: Schematic organisation of the Chrysomya mtDNA control region (CR), the Chrysomya intergenic
region (CIR) and adjacent genes indicating the primer annealing sites.

Two PCR products

(approximately 300 and 1200bp) were potentially amplified using the primers TI-N-24 AND SR-J14776. Two distinct amplification reactions (TI-N-24 and CMEGAR; CMEGA and SR-J-14776)
provide a complete amplification of the control region. I, Q and M represent the tRNA Gln, tRNAIle and
tRNAMet gene cluster. CIR indicates a Chrysomya intergenic region (Lessinger et al. 2004).

This research confirmed the presence of the previously described conserved sequence
blocks within the mtDNA control region of myiasis-causing flies, which are thought to be
highly conserved in the genus Chrysomya (Lessinger et al. 2004, Duarte et al. 2008).

Duarte et al. (2008) analysed the mtDNA control region and surrounding genes of 15
calliphorid species including five Chrysomya species; Ch. albiceps, Ch. rufifacies (from
Australia and the United States), Ch. megacephala, Ch. putoria and Ch. Bezziana. These
taxa show similar organisation to the mtDNA control region as described by Lessinger and
Azeredo-Espin (2000) and Lessinger et al. (2004). Distinct conserved and variable regions
were identified, as well as duplicated tRNAIle genes in species previously not reported; Ch.
bezziana and Ch. rufifacies.

1.9 Primer Design and Selection
A number of primers have been designed to anneal to the conserved regions that flank the
control regions of insect mitochondrial genomes, facilitating amplification of the control
region (see Fig. 3 and 4). Similarities in the organisation of insect mtDNA have been
utilised in the design of universal primers which are able to amplify sections of DNA
across a wide range of insect taxa (Fig. 5). Simon et al. (1991) published some of the
first universal primers for insects. Primer TM-N-193 (Simon et al. 1991) was designed to
anneal to the tRNAMet gene and, together with a 12S primer, was used to successfully
amplify the control region of a range of insects. It has since been used to successfully
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amplify the control region of myiasis-causing flies, including some of the Chrysomya
species (Lessinger and Azeredo-Espin 2000, Lessinger 2004, Junqueira pers. comm.).

Fig 5 – Diagram showing similarities of the gene content and organisation of genes flanking the
control region (Misc. feature) in

Drosophilia yakuba and Chrysomya putoria. (Arthropodan

Mitochondrial Genomes Accessible database - AMiGA) (Laboratório de Genética Animal CBMEG Centro de Biologia Molecular e Engenharia Genética Universidade Estadual de Campinas 2005)

SR-J-14612 (Simon et al. 1994) is a 12S annealing primer, and together with other
primers has been used to amplify both the 12S gene, and the control region of dipterans
(Oliveira et al. 2006). C1-N-1560 (Simon et al. 1994) is a COI annealing primer, and in
combination with ND2 primers, has been found to successfully amplify gene junctions
between COI and ND2 in several insects. The TI-N-24 primer (Simon et al. 1991) was
designed to anneal in the tRNAIle gene, and was used in conjunction with a 12S binding
primer to amplify the A+T rich region of Drosophila virilis and has been used to
successfully amplify the tRNA gene clusters in Calliphoridae species (Lessinger et al.
2004).

However, even with the development of the above primers, difficulties with amplifying
the control region of Chrysomya species have been described (Lessinger et al. 2004). The
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presence of duplicated tRNAIle and tRNAGln genes within the control region required
amplification with primers that would not anneal to either tRNA gene.

Specific primers based on dipteran mtDNA, most commonly members of the
Calliphoridae from South America, have been developed as a means of identifying these
important forensic indicator species. Lessinger et al. (2004) designed two primers for the
dipteran mitochondrial control region, CMEG-A and CMEG-AR. These primers are
based on the Chrysomya megacephala control region sequence, and recognise
complementary annealing sites with opposite orientations in the mtDNA molecule (Fig.
4). These primers have enabled the successful amplification of the control region and
flanking genes of Chrysomya albiceps, Chrysomya megacephala and Chrysomya
chloropyga.

Subsequently, Oliveira et al. (2006) created primers to amplify and sequence the mtDNA
control region and gene clusters of dipterans from a range of families; Muscidae,
Calliphoridae and Oestridae. N2-N-327, an ND2 annealing primer, coupled with a 12S
annealing primer, provided an efficient alternative to the tRNA annealing primers. This
approach avoided problems associated with the structural rearrangement and duplication
of the tRNAIle and tRNAGln genes that had been reported by Lessinger et al. (2004) and
Junqueira et al. (2004). Primer SR-J-14941 was also designed, which is the reverse
complementary sequence of primer SR-N-14922 (Simon et al. 1994), but shifted 2 bp
downstream.

The SR-J-14941 primer is located at the 3’ end of the 12S gene and was found to improve
the sequencing of the 3’ end of the control region (see Fig. 6). In combination with TMN-193, SR-J-14941 has successfully been used to amplify the control region and flanking
genes of dipteran mtDNA (Oliveira et al. 2006, Junqueira pers. comm.).

The primers outlined above have been used successfully to amplify the mtDNA control
region of myiasis-causing flies, including selected Chrysomya species from Brazil
(Lessinger and Azeredo-Espin 2000, Lessinger et al. 2004, Junqueira et al. 2004, Oliveria
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et al. 2006, Junqueira person. comm.). Although most of the information available on
amplifying this region is based on Brazilian Chrysomya species, it is anticipated that
there will exist a similarity between the mtDNA control regions of Brazilian and
Australian Chrysomya species, and that this will facilitate successful amplification of the
Australian Chrysomya specimens.

SR-J-14612

SR-J-14941

TI-J-38

CMEGAR

TI-J-42

12S

CR
CMEG

I
TI-N-21

ND2

Q M
TM-N-193

TI-N-24

N2-N-327

W C Y

COI
CI-N-2191

CI-N-1560

Figure 6: Schematic model of the dipteran mitochondrial genome. Target regions include the control
region, the flanking tRNA genes (MQI), and the YCW gene cluster (YCW). The relative positions of
the mtDNA primers described by Oliveira (2006) (*) and the primers described by Simon et al. (1994)
are indicated.

1.10 Conclusions
The correct identification of forensically important blowfly species can provide crucial
evidence in criminal matters (Wells and Sperling 1999). Morphological similarities
between some Chrysomya species require a high level of expertise for correct identification
(Wallman 2001a, Nelson et al. 2007, Wells and Stevens 2008).

When the unambiguous identification of the species is paramount to the entomologist, or
when there is insufficient specimen for morphological identification, a molecular aided
approach may be of benefit (Wells and Sperling 1999).

The identification of species at a molecular level relies on the detection of regions of the
genome that have relatively lower variation at intra-specific level as opposed to interspecific variation. The control region is one possible target region, as it contains highly
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variable regions within the mtDNA genome (Lessinger and Azeredo-Espin 2000, Duarte et
al. 2008). This region may therefore provide useful information for the identification of
Chrysomya blowflies within Australia.

1.11 Aims of the project
Aim: To successfully sequence and analyse the mitochondrial DNA control region of all
nine Australian species of the genus Chrysomya (Diptera: Calliphoridae): Ch. saffrenea,
Ch. megacephala, Ch. semimetallica, Ch. varipes, Ch. incisuralis, Ch. nigripes, Ch.
flavifrons, Ch. rufifacies and Ch. Latifrons, in order to determine its usefulness as a
potential identification tool and as a molecular marker for evolutionary studies.
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CHAPTER 2 – MATERIALS AND METHODS
2.1 Specimens
2.1.1 Australian Chrysomya Specimens
There are nine species of Australian Chrysomya currently recognised. Individual
specimens of each of these species were collected from the East coast of Australia (see
Table 1). They were morphologically identified by Dr James Wallman (University of
Wollongong). The specimens were collected and stored in absolute alcohol. Voucher
specimens are maintained at 4°C at the Forensic Science Services Branch, NSW Police,
Pemulwuy NSW.

The A+T rich mtDNA control region was selected as a possible molecular target for the
purpose of distinguishing these nine species. One individual of each species would be
examined to discern the usefulness of this region in species differentiation. If the A+T
rich region is demonstrated to be a useful tool for the identification of Chrysomya
blowflies, additional populations of the species may then be assessed at a later date.

2.1.2 DNA extraction
DNA was extracted from all six legs of the flies, using the Qiagen QIAamp® DNA
Micro Kit (Qiagen, Australia). The head, thorax and abdomen of each specimen were
retained as a voucher.

The legs of the insects were removed with sterile forceps and placed into a 1.5 ml
microcentrifuge tube, and 180 µl Buffer ATL (composition withheld by manufacturer)
was added. The legs were then ground with a disposable sterile grinding pestle. 20 ul of
Proteinase K (0.4 mg) was then added to the tube and the tube vortexed for 15 seconds.
The tube was then incubated at 56°C in a heating block overnight.

After incubation, 200 µl of Buffer AL (composition withheld by manufacturer) was
added to the tube, and the tube was vortexed for 15 seconds to thoroughly mix the sample
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with the buffer, to ensure efficient lysis. 200 µl of 96-100% ethanol was then added to
the tube, and the tube pulse vortexed for 15 seconds. The sample was then incubated at
room temperature for 5 minutes. The tube was then briefly centrifuged to ensure that the
entire tube contents were at the bottom of the tube.
Table 1: Specimen identification, collection locality and date of collection for Australian Chrysomya
species. All specimens were collected by James Wallman.

Specimen ID#

Species

Location found

Date Collected

JW96

Ch. saffranea

Mt Stuart, Qld (19°21′S,

25 Jan 2002

146°47′E)

JW97

Ch. megacephala

Mt Stuart, Qld (19°21′S,

25 Jan 2002

146°47′E)

JW32

Ch. semimetallica

Halfway

Creek,

NSW

17 April 2001

(32°38′S,

19 April 2001

NSW

18 April 2001

(30°14′S, 153°06′E)

JW13

Ch. varipes

Karuah,

NSW

151°57′E)

JW26

Ch. incisuralis

Halfway

Creek,

(30°14′S, 153°06′E)

JW82

Ch. nigripes

Kuranda,

Qld

(16°49′S,

23 Jan 2001

Qld

(16°49′S,

21-23 Jan 2001

145°38′E)

JW103

Ch. flavifrons

Kuranda,
145°38′E)

JW161

Ch. rufifacies

Black

Mountain,

ACT

13 Oct 2004

(35°16′S, 149°06′E)

JW193

Ch. latifrons

Mt Keira, NSW

(34 o23’S, 150 o51’E)

No date provided

The entire lysate was then transferred to the QIAamp MinElute Column, and centrifuged
at 6000 g for 1 minute. The QIAamp MinElute Column was then placed into a clean 2 ml
collection tube. 500 µl of Buffer AW1 (composition withheld by manufacturer) was
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added to the QIAamp MinElute Column and centrifuged at 6000 g for 1 minute. The
QIAamp MinElute Column was then placed into a clean 2 ml collection tube. 500 µl
Buffer AW2 (composition withheld by manufacturer) was then added to the QIAamp
MinElute Column and centrifuged at 6000 g for 1 minute. The QIAamp MinElute
Column was then placed into a clean 2 ml collection tube. The tube was then centrifuged
at 20,000 g for 3 minutes to completely dry the membrane.

The QIAamp MinElute Column was then placed into a 1.5 ml microcentrifuge tube. 100
µl of AE buffer (10 mM TrisCl, 0.5 mM EDTA, pH 9.0) was then added to the centre of
the QIAamp MinElute Column, and incubated at room temperature for 5 minutes. The
QIAamp MinElute Column was then centrifuged at 20,000 g for 1 minute. The 1.5 ml
microcentrifuge tube containing the DNA was stored at 4oC.

2.2 PCR Amplification
2.2.1 Amplification of the Control Region and Surrounding
Genes
Duplication of the tRNAIle gene and partial duplication of tRNAGln gene near the 3’ end
of the 12S gene have been reported in Chrysomya species (Ch. megacephala, Ch.
putoria, Ch. albiceps, Ch. rufifacies and Ch. bezziana) (Lessinger et al. 2004, Junqueira
et al. 2004, Oliveria et al. 2006, Junqueira person. comm.). These duplications may
interfere with the amplification of the control region if primers annealing to the tRNAIle
or tRNAGln are used.

Initial amplification of the entire control region and surrounding genes as a “long target”
was performed using genomic DNA as the template, coupled with primer C1-N-1560
(anneals to the COI gene) and SR-J-14612 (a 12S primer) (See Table 2 and Fig. 6), as
these primers do not anneal within the tRNAIle and tRNAGln

genes. This initial

amplification may serve to increase the number of intact control region molecules, and
has been used successfully as a template for subsequent nested reactions (Junqueira pers.
comm.).
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CMEG-AR

C1-N-1560

N2-N-327

TM-N-193

SR-J-14941

SR-J-14612

CMEG-A

Figure 6: Schematic model of the mitochondrial genome and annealing sites of primers.

The initial PCR amplification reaction mixture contained 10 µl of Promega Master Mix
2X (containing 0.5 U of Taq DNA Polymerase in reaction buffer, pH8.5 - composition of
reaction buffer withheld by manufacturer), deoxynucleotide triphosphates (dNTPs: 200
µM dATP, 200 µM dGTP, 200 µM dCTP, 200 µM dTTP) and 1.5 mM MgCl2 (Promega,
Madison, WI USA), 0.5 µM of each primer, and approximately 10 ng of DNA template
(except the amplification negative). Reactions were made up to 20 µl with nuclease free
water.
The PCR thermoprofile, carried out on a Mastercycler® ep gradient S (Eppendorf AG,
Hamburg, Germany), consisted of an initial denaturation step at 95˚C for 1 min, followed
by 35 cycles of denaturation at 95°C for 1 minute, annealing over a gradient 41°C, 43°C,
45°C, 47°C, 49°C, 51°C and 53°C for 1 minute, and elongation at 60°C for 2 minutes. A
final extension at 60°C for 5 minutes completed the PCR reaction.
Table 2: Primers used for the amplification of mtDNA control region of Chrysomya species.
Primer

Primers

Set

Orientation

Primer

of primer

Annealing

References

Site
Long

C1-N-1560

Target

5’-TGTTCCTACTATTCCGGCTCA-3’

Direct

COI

Simon et al.
1994

Long

SR-J-14612

Target

5’ AGGGTATCTAATCCTAGTTT-3’

Reverse

12S

Simon et al.
1994
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2.2.2 Nested Amplification of the Control Region using internal
primers from “Long Target”
A nested PCR approach was used to amplify secondary targets (Targets1-4), within the
first “long target” product. The purpose of this was to reduce the contamination in
products due to the amplification of unexpected primer binding sites using the primer sets
in Table 3.

The nested PCR amplification reaction mixture contained 10 µl of Promega Master Mix
2X (containing 0.5 U of Taq DNA Polymerase in reaction buffer, pH8.5 - composition of
reaction buffer withheld by manufacturer), deoxynucleotide triphosphates (dNTPs: 200
µM dATP, 200 µM dGTP, 200 µM dCTP, 200 µM dTTP) and 1.5 mM MgCl2 (Promega,
Madison, WI USA), 0.5 µM of each primer, and approximately 10 ng of DNA template
“long target” (except the amplification negative). Reactions were made up to 20 µl with
nuclease free water.
The PCR thermoprofile, carried out on a Mastercycler® ep gradient S (Eppendorf AG,
Hamburg, Germany), consisted of an initial denaturation step at 92˚C for 3 min, followed
by 35 cycles of denaturation at 93°C for 10 seconds, annealing over a gradient of 45°C,
47°C, 49°C, 51°C and 53ºC for 30 seconds, and elongation at 68°C for 2 minutes. A final
extension at 68°C for 5 minutes completed the PCR reaction.
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Table 3 Primer sets for the amplification of the mtDNA control Region of Chrysomya species
Primer
Set
Target 1

Primer

Orientation

Primer
Site

References

Direct

tRNAMet

Taylor et al.

TM-N-193
5’-TGGGGTATGAACCCAGTAGC-3’

1993
Target 1

SR-J-14941
5’-AGCCAAAATAAAACTTTA-3’

Reverse

12S

Oliveira

et

al. 2006
Target 2

N2-N-327
5’-CGTAATAATTTAATATAAAAGC-3’

Direct

ND2

Oliveira

et

al. 2006
Target 2

SR-J-14941
5’-AGCCAAAATAAAACTTTA-3’

Reverse

12S

Oliveira

et

al. 2006
Target 3

CMEGA
5’-ATGATATTCTTAACTGGATT-3’

Direct

Control
Region
Internal

Lessinger et
al. 2004

Target 3

SR-J-14941
5’-AGCCAAAATAAAACTTTA-3’

Reverse

12S

Oliveira et
al. 2006

Target 4

CMEG-AR
5’-AATCCAGTTAAGAATATCAT-3’

Reverse

Control
Region
Internal

Lessinger et
al. 2004

Target 4

N2-N-327
5’-CGTAATAATTTAATATAAAAGC-3’

Direct

ND2

Oliveira et
al. 2006

2.2.3 Amplification of the Control Region using internal primers
from genomic DNA
The control region of the mitochondrial genome was amplified in two separate fragments
(Target 3 and Target 4) using 10 ng of genomic DNA template. These primers have been
designed to anneal to conserved regions in the ND2 gene, near the clustered tRNAIle,
tRNAGln and tRNAMet (IQM) genes, and the 3’ end of the 12S gene (see Fig. 7). Details
of the primers used appear in Table 3.
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Target 3

SR-J-14941

’

5

CMEGAR

Gln*
tRNAIle2 tRNA

tRNAIle

tRNAGln

’

3

tRNAMet

Control Region

12S

CIR

nad2

N2-N-327

CMEGA

Target 4

Figure 7: Schematic diagram of Chrysomya mtDNA Control Region and surrounding genes
indicating primer annealing sites for Target 3 (SR-J-14941 and CMEGA) and Target 4 (CMEGAR
and N2-N-327). tRNAIle2 representing the duplicate tRNAIle gene and tRNA Gln* representing the
partial copy of the tRNAGln gene.

The PCR amplification reaction mixture contained 10 µl of Promega Master Mix 2X
(containing 0.5 U of Taq DNA Polymerase in reaction buffer, pH8.5 - composition of
reaction buffer withheld by manufacturer), deoxynucleotide triphosphates (dNTPs: 200
µM dATP, 200 µM dGTP, 200 µM dCTP, 200 µM dTTP) and 1.5 mM MgCl2 (Promega,
Madison, WI USA), 0.5 µM of each primer, and approximately 10 ng of genomic DNA
template (except the amplification negative). Reactions were made up to 20 µl with
nuclease free water.
The PCR thermoprofile, carried out on a Mastercycler® ep gradient S (Eppendorf AG,
Hamburg, Germany). The amplification cycling conditions consisted of 3 min at 92ºC;
followed by 35 repeats of 10 sec at 93ºC, 30 sec at 41 annealing over a gradient 41°C,
43°C, 45°C, 47°C, 49°C and 51°C , and 2 min at 68ºC; followed by 5 min at 68ºC.
All amplified products were purified using ExoSAP-IT® (USB Corporation, Ohio USA).
ExoSAP-IT® treatment removes unconsumed dNTPs and primers remaining in the PCR
mixture after amplification. 2 µl (0.1 pmol) ExoSAP-IT® was added directly to 5 µl of
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PCR reaction and incubated at 37°C for 15 minutes. ExoSAP-IT ® was then inactivated by
heating at 80°C for 15 minutes.

2.3 Agarose Gel Electrophoresis
1% agarose gels were made by dissolving 0.4 g of agarose (Promega, Australia) in 40 ml
of 0.5 x TBE buffer [10 mM Tris, 45 mM boric acid and 1 mM EDTA (pH 8)]. 5 µl of
the amplified PCR product, together with 1 µl of tracking dye (0.5 ng of bromophenol
blue in 30% glycerol) were electrophoresed in 0.5 x TBE buffer containing 1 µg/ml of
ethidium bromide, for approximately one hour at 100 V. Bands were visualised by UV
transillumination (Major Science, Pan-Chiao City, Taiwan). For quantification and size
determination of the amplified product, 1 ng of size standard [EcoRI/HindIII-digested
lambda DNA (Sigma)] was run in a separate lane. In some cases, bands were excised
from the gels and purified using a QIAquick Gel Extraction Kit (QIAGEN, Doncaster
Victoria AUS) following the manufacturer’s instructions.

2.4 Cloning
The cloning of amplified products was carried out using the Promega pGEM®-T and
pGEM®-TEasy Vector Systems (Promega, Australia), following the manufacturer’s
instructions.

The plasmid vector provided is cut with EcoRV, and has a single 3´

terminal thymidine added to both ends. These 3´-T overhangs improve the efficiency of
ligation of a PCR product by preventing recircularization of the vector (see Fig. 8).

The vector contains T7 and SP6 RNA polymerase promoters flanking a multiple cloning
region within the α-peptide coding region of the enzyme β-galactosidase. Insertional
inactivation of the α-peptide allows recombinant clones to be directly identified by colour
screening on indicator plates. The pGEM®-T Easy Vector multiple cloning region is
flanked by recognition sites for the restriction enzymes EcoRI and BstZI.
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Figure 8: The sequence of the pGEM®-TEasy Vector illustrating the site for integration of the cloned
insert and restriction enzyme sites (Promega, Australia).

Amplified products were ligated into the pGEM®-TEasy Vector. Reactions contained 5
µl of 2 X Rapid Ligation Buffer [60 mM Tris-HCl (pH 7.8), 20 mM MgCl2, 20 mM
dithiothreitol, 2 mM ATP, 10% PEG], 50 ng of pGEM®-TEasy Vector, 3 U of T4 DNA
Ligase, 1.0-3.0 ul of amplified product (approximately 40 ng of Target 3 or 15 ng of
Target 4). A ligation control reaction was included substituting the mtDNA fragment for
25 ng of control insert DNA. The final volume of the reactions was made up to 10 µl with
dH2O and then incubated at 4ºC for 16 hours.
The ligated samples were then transformed into JW109 competent cells (Chung et al.
1988). 5 µl of ligation reaction were combined with 300 µl of competent JM109 cells at
an approximate concentration of 1 x 106 cfu/µg DNA. The reactions were incubated on
ice for 10 min, then placed into a 25ºC water bath for 10 min, and then returned to ice for
a final 10 min. 700 ml of LB [1% w/v tryptone (ICN Biomedicals, Australia), containing
0.5% w/v yeast extract powder (ICN Biomedicals, Australia), 0.5% w/v NaCl (ICN
Biomedicals, Australia), and 80 ng of Ampicillin (Sigma, Australia)] was combined with
the transformed JM109 cells at room temperature. The reactions were then incubated at
37°C for 60 min with agitation (150 rpm).
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500 µl of each reaction was then plated onto Amp/IPTG/X-gal agar plates and incubated
at 37°C for 16 hours. Positive white colonies were then screened for the mtDNA insert
using colony PCR or restriction enzyme digestion from purified plasmid DNA.

2.4.1 Colony PCR Screen
Colony PCR reactions contained 2.75 mM MgCl2; 490 µM of dNTPs, 200 nM of each
primer used in the original amplification (Sigma, Australia and Geneworks Pty Ltd
Australia see 2.1.3 PCR Amplification), 1.2 U BIO-X-ACTTM Long DNA Polymerase
(Bioline, Australia) and made up to a final volume of 20 µl with dH2O. The reactions
were inoculated with a scraping of a positive white colony. The PCR conditions consisted
of 94ºC for 3 min; followed by 35 cycles of 94ºC for 10 sec, 60ºC for 30 sec, 68ºC for 2
min; followed by 68ºC for 5 min. PCR products were visualised by agarose gel
electrophoresis.

2.4.2 Plasmid DNA Purification
White colonies were selected from the agar plates and inoculated into 5 ml of LB
containing 25 mg ampicillin. Mixtures were agitated at 150 rpm for 16 hr. The plasmid
DNA was purified using the Promega Wizard® Plus SV Minipreps DNA Purification
System following the manufacturer’s specifications.

Purified plasmid DNA was

visualised by agarose gel electrophoresis.

2.4.3 Restriction Enzyme Analysis
Restriction digestion was employed to ascertain the size of fragments cloned into the
vector. 1 µl of Not1 (1 U) was combined with 20-50 ng of plasmid DNA, 1 µl of 10x
dilution buffer [50 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2, 1 mM dithiothreitol (pH
7.5 at 37°C)], and water to a final volume of 10 µl. The tubes were then incubated at
37°C on an automated Palm-CyclerII (Corbett Research) for 1-2 hours. The digestion
reactions were screened for the desired DNA insert by agarose gel electrophoresis.
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2.5 Sequencing
Sequencing reactions were performed with the ABI PRISM® BigDye™ Terminator Cycle
Sequencing Kit (Version 3.1) (PerkinElmer, Foster City, CA) using the ABI 3130xl
Genetic Analyzer (Applied Biosystems, Australia). Separate reactions using primers N2N327, SR-J-14941, TM-N-193, CMEG-A and CMEG-AR were carried out. Cloned
samples were sequenced using primers M13F (5’- TGTCTTCGCTATTACGCCAGCT3’) and M13R (5’- TG GACCATGATTACGCCAAGCT-3’). Reactions were set up
according to the ABI PRISM® BigDye™ Terminator Cycle Sequencing Kit instructions.
Reactions contained 3.0 µl of Sequencing Buffer (composition withheld by
manufacturer), 2.0 µl of Ready Reaction Premix (Cycle Sequencing Dye; composition
withheld by manufacturer), 3.2 pmols of primer, and 20 ng of PCR product. Reactions
were made up to a final volume of 20 µl with water.

Sequencing reactions were thermocycled on a Palm-Cycler™ II (Corbett Research,
Sydeny, Australia) under the following conditions; an initial denaturation at 96°C for 1
minute, followed by 15 cycles of denaturation at 96˚C for 30 seconds, annealing at 50°C
for 15 seconds and elongation at 60°C for 75 seconds, followed by 5 cycles of
denaturation at 96˚C for 30 seconds, annealing at 50°C for 15 seconds and elongation at
60°C for 90 seconds, followed by 5 cycles of denaturation at 96˚C for 30 seconds,
annealing at 50°C for 15 seconds and elongation at 60°C for 120 seconds, and a final
extension at 30°C for 30 seconds (Platt et al. 2007).

The sequencing reactions were purified to remove unincorporated dye terminators, using
ethanol precipitation. 2 µl of EDTA (125 mM, pH 8), 2 µl of sodium acetate (3 M, pH
5.2), 50 µl of absolute ethanol (95%) and 20 µl of sequencing reaction were combined,
vortexed, and incubated at room temperature for 15 min. Each reaction was then
centrifuged at 16,000 g for 15 min, the supernatant removed, and the pellet washed with
180 µl of 70% chilled (4oC) ethanol prior to a further 15 min centrifugation at 16,000 x g.
The supernatant was again removed, the pellet al.lowed to air-dry, and stored at -20°C.
The samples were analysed in the ABI Prism® ABI 3130xl Genetic Analyzer (Applied
Biosystems, Australia Foster City, CA).
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2.6 Sequence Analysis
ChromasPro (Technelysium Ltd., Tewantin, Australia) was used to edit sequence
electropherograms. Alignments were performed in BioEdit v 7.0.4 (Hall, 2005), with
multiple alignments performed using Clustal W (Thompson et al. 1994). tRNA genes
were identified using tRNAScan-SE 1.21 (Lowe and Eddy, 1997), specifying Source:
Mito/Chloroplast; Genetic Code for tRNA Isotype Prediction: Invertebrate Mito; and
Cove Score Cutoff: 10.

2.7 Phylogenetic Analysis
The T3 region was aligned using clustalW, from within MEGA4 (Tamura et al., 2007),
using two approaches. In the first approach, all sequences were aligned using the default
parameters (gap open penalty=15, gap extension penalty=6.66; DNA weight matrix=IUB,
transition weight=0.5; delay divergent cutoff=30%). In the second approach, clones from
each species were separately aligned. Gaps that had been introduced in this phase of the
alignment were held, while all species were aligned together. These two alignments are
hereafter referred to as (1) ‘all at once’ alignment, and (2) ‘species first’ alignment.

Each of these alignments were then analysed by both neighbour joining and maximum
parsimony. In both cases, JW26 (Ch. incisuralis) was specified as the outgroup, based on
the study of Nelson et al. (2008) which examined the phylogeny of Chrysomya using five
gene fragments (COI, COII, ND4, ND4L and ITS2).

Of the taxa included in the present study, Ch. incisuralis was the most basally positioned
in Nelson et al. (2008). Attempts to use an outgroup from the sister group to the
Chrysomya (viz. Calliphora) were deemed less reliable, due to the high level of
divergence between the outgroup and the ingroup sequences. Neighbour joining was
performed in MEGA4, using the following settings; pairwise deletion of gaps, Kimura 2parameter model, transitions and transversions included, homogeneous pattern among
lineages, and uniform rates among sites. Bootstrap tests were performed with 1000
replicates. Maximum parsimony was performed using PAUP 4* (Swofford 1999), with
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gaps treated as missing data. The shortest trees were found by heuristic search (random
addition of sequences, 1000 replicates).

Bootstrap tests were performed with 200

replicates.
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CHAPTER 3 – RESULTS
3.1 PCR and Sequencing
3.1.1 Amplification of the entire Control Region
Initial amplification of the entire control region and surrounding genes as a “long target
using primer C1-N-1560 together with SR-J-14612 showed no evidence of amplicons
after agarose gel analysis (results not shown).This has been observed by others
(Junqueira, pers. comm.). The amplification reaction then served as a template for nested
reactions, using primers that anneal within the “long target” but not annealing within the
tRNAIle and tRNAGln genes.

3.1.2 Nested Amplification using Internal Primers
After a nested amplification reaction was performed using an aliquot of the initial “long
target” reaction combined with SR-J-14941 and TM-N-193 (Target 1), agarose gel
electrophoresis showed that amplicons were produced when the annealing temperature
was 53ºC (approx 1.3 kb), corresponding with size of the desired product. The
concentration of the amplified product was approximately 10 ng/µl (results not shown).
However, this reaction also showed a minor band on the agarose gel (approx 947 bp),
suggesting that multiple products had been amplified (results not shown).

Direct sequencing of the PCR product with SR-J-1491 produced approximately 122 bases
of information, and closely matched the published sequence of Chrysomya megacephala
(Genank accession number AF151386, hereafter referred to as the “reference sequence”)
(Lessinger and Azeredo-Espin 2000) between positions 1216-1336. One tRNA gene
(tRNAGln) was identified using tRNAscan-SE 1.21 (Lowe and Eddy 1997).

The sequence aligned with the reference sequence in the IQM gene cluster, starting in the
tRNAIle gene and extending into the 3’ end of the tRNAMet gene. Sequencing with primer
TM-N-193 resulted in approximately 145 bases of sequence data, which contained no
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tRNA genes, and aligned with the reference sequence between positions 180-325,
extending into the 5’ end of the 12S region.

Analysis of the nested reactions using primers SR-J-14941 and N2-N-327 (Target 2),
showed that amplicons were produced at an annealing temperature of 47ºC, with a size of
approximately 300 bp. Only one amplicon was produced, however the expected size of
Target 2 should be approximately 1.5 kb. The concentration of the amplified product was
approximately 10 ng/µl (results not shown). Sequencing across an annealing temperature
gradient of 45ºC - 51ºC (in 2ºC intervals) using SR-J-14941 produced 262 bases of data,
matching closely to the reference sequence of Chrysomya megacephala. Two tRNA
genes were identified using tRNAscan-SE 1.21 (Lowe and Eddy 2000), tRNAGln and
tRNAMet. The tRNAIle was not identified; alignment of the sequence demonstrated the
sequence data starting in the 3’ end of the gene, sequencing only 23 base pairs. The
sequence aligned with the reference sequence between positions 1215 and 1477 within
the IQM gene cluster. Sequencing results using primer N2-N-327 resulted in
approximately 296 bases of sequencing information, which contained all three tRNA
genes of the IQM cluster, tRNAIle, tRNAGln and tRNAMet. This sequence matched closely
with the reference sequence between positions 1061-1357 (starting within the ND2
region and extending into the 5’ end of the control region region).

The nested reactions (Target 1) successfully amplified the desired mtDNA region, but
because multiple bands were visualised on the agarose gel, smaller amplicons had also
been amplified. This may contribute to the relatively short length of the sequence data
obtained. The nested reaction (Target 2) amplified the control region (as deduced from
the sequence data), but a smaller fragment than expected.

For these reasons, a strategy in which the mitochondrial control region was amplified in
overlapping fragments was attempted. This approach utilised a nested strategy, but with
primers that anneal within the control region. It was anticipated that amplification of
overlapping fragments of the control region would allow for a better recovery of the
whole sequence (Lessinger et al. 2004, Junqueira person. Comm.).
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Analysis of the nested PCR reactions with primers SR-J-14941 and CMEG-A (Target 3),
showed that amplicons of the appropriate size (600 bp) were produced at annealing
temperatures of between 45ºC - 49ºC. The concentration of the amplified product was
approximately 5 ng/µl (see Fig. 10). PCR product was sequenced over a gradient using
primer SR-J-14941 producing only 46 bases of sequence data, matching closely to the
reference sequence between positions 323-368. No tRNA genes were detected.
Sequencing reactions using primer CMEG-A similarly produced only 53 bases of
sequence data, matching closely to the reference sequence between positions 590-643.
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Figure 10: Image of an agarose gel following electrophoresis of 1 ng MW (lane 8) Nested reaction Target 3
amplification negative (lane 1) lanes 2-7; JW97 (primers SR-J-14941 and CMEG-A), lanes 9-14; JW97 (primers
N2-N-327 and CMEG-AR), Nested reaction Target 4 amplification negative (lane 15).

Analysis of the nested PCR reactions using primer set CMEG-AR and N2-N-327 (Target
4), showed that amplicons of the expected size (800 bp) were produced at an annealing
temperature of 41ºC-51ºC. The concentration of the amplified product was approximately
10-20 ng/µl (results not shown). Direct sequencing over a gradient with primer CMEGAR produced approximately 189 bases matching closely to the reference sequence
between positions 920-1108. No tRNA genes were detected. Sequencing reactions using
primer N2-N-327 produced 186 bases of sequence data, matching closely to the reference
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sequence between positions 1153-1338 of the control region, and contained two tRNA
genes, tRNAIle and tRNAGln.

Despite the production of a range of amplicons of the expected size, sequence data were
consistently poor, producing much shorter sequences than anticipated (500-700 bases).
One possible reason for this was the double amplification strategy employed, with an
initial amplification followed by a nested amplification. The generally low temperature
of the annealing step in each case suggested that non-specific products might be
responsible for the reduction in sequence quality. For this reason, an attempt was made
to amplify the two overlapping fragments of the control region (Targets 3 and 4),
amplifying directly from genomic DNA (see Fig. 10).

3.1.3 Amplification of the Control Region using internal primers
Analysis of the reactions using primer set SR-J-14941 and CMEG-A (Target 3), showed
amplicons of the expected size (600 bp) had been produced in all of the reactions. The
concentration of the amplified product was approximately 100 ng/µl (see Fig. 11 below),
although weaker bands were also present (approximately 1-1.3 kb). Sequencing reactions
for both primers did not result in any sequence data.

Analysis of the reactions using preimer set CMEG-AR and N2-N-327 (Target 4), showed
amplicons of the expected size (700 bp) had been produced in all of the reactions. The
concentration of the amplified product was approximately 100 ng/µl (see Fig. 11). This
amplification also produced weaker amplicons (1-1.3 kb). Again, sequencing reactions
for both primers did not result in any sequence data.
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Figure 11: Image of an agarose gel following electrophoresis of 1ng MW (lane 7) lanes 1-6; JW97
(primers SR-J-14941 and CMEG-A), lanes 8-13; JW97 (primers N2-N-327 and CMEG-AR), lane 14
Amplification negative.

Upon visualisation of both Targets 3 and 4 after agarose gel electrophoresis, it was
evident that multiple products were being amplified. It was possible that the generally
poor sequencing results may be a result of heteroplasmy within the Chrysomya
megacephala mitochondrial control region. In invertebrates, the control region may be
characterised by extreme length variation, and may make amplification of the A+T rich
control region difficult (Simon et al. 1994). Research conducted on Drosophila
melanogaster has shown that most of the size variation maps to the A+T rich region of
the mtDNA (Hale and Singh 1986). A similar study on the size variation of mtDNA in
crickets (Gryllus firmus) also indicated that the A+T rich control region contains repeat
regions and length variability (Rand and Harrison 1989).

If heteroplasmy is present in the Australian Chrysomya mitochondrial control region,
amplification of the target DNA would lead to multiple PCR products, which may appear
as multiple amplicons on an agarose gel.

Further, the resolution of agarose

electrophoresis is insufficient to distinguish small length differences in the target, so that
even a strong, single band could harbour multiple, related amplicons.

To investigate this, the amplifications of Target 3 and Target 4 were repeated, but at an
annealing temperature of 49°C. After agarose gel electrophoresis, the dominant amplicon
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(approx 600-700) for each Target (3 and 4) was excised from the gel and purified and
sequenced. However all sequencing reactions failed to produce sequence data (results not
shown), consistent with the presence of heteroplasmy in the Chrysomya mitochondrial
control region.

One approach for sequencing a heteroplasmic target is to clone the amplicon into a
bacterial plasmid. The isolation of a single bacterial colony effectively isolates a single
molecule of the amplicon. Sequencing of multiple clones then gives an indication of the
degree of heteroplasmy in the initial target. For this reason, a cloning approach was next
adopted to characterise the mitochondrial control region of Australian Chrysomya.

3.2 Cloning Optimisation
Cloning of individual molecules from an amplicon was employed to investigate the
degree of heteroplasmy within the mitochondrial control region of Australian Chrysomya.
The amplified target was ligated into a plasmid vector, and then transformed into JM109
competent Escherichia coli cells. Each white colony represented a large population of an
identical DNA insert (DNA clone).

Amplification reactions of mtDNA from Chrysomya megacephala (JW97) with primers
N2-N-327 and CMEG-AR (Target 4), and Chrysomya safranea (JW96) with primers SRJ-14941 and CMEG-A (Target 3), were ligated with linearised plamid vector (pGEM®5Zf(+) Vector) and transformed with the pGEM®-T Easy Vector System (Promega,
Australia) (as described in section 2.4). Targets 3 and 4 from different Chrysomya
blowfly species were used for the cloning optimisation to determine whether the cloning
technique would successfully clone both target DNA fragments for different species of
Chrysomya blowflies. The ligation control recorded over 60% white colonies, with a
transformation efficiency of 2.69 x 106 cfu/µg. 620 white colonies were recorded from
JW96 (Target 3) plates. However, only 10 white colonies were recorded for the JW97
(Target 4) plates, suggesting that the ligation reaction or transformation of JW97 Target 4
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had been inhibited. Positive white colonies were re-streaked onto fresh Amp/IPTG/X-gal
agar plates and incubated at 37 oC for 5 hr.
Colony PCR was used to screen 6 colonies of each sample (JW96 and JW97) for the
mtDNA insert. As the size of the desired insert was known (approx. 0.6-0.9 kb), any
amplification product of the expected size is likely to contain the correct fragment of
DNA; this would later be confirmed by sequencing. The amplification reaction was
inoculated with a scraping of a positive colony, and amplified using the original primers
(as described in section 2.2.1). The amplified samples were then electrophoresed on a 1%
agarose gel (see section 2.1.4) to identify reactions that contained the desired DNA
fragment.
All 6 colonies from sample JW96 produced a PCR product (approx 0.9 kb) with the
approximate size of the target fragment, suggesting that Target 3 had been successfully
inserted into pGEM®-T Easy in these clones (results not shown).
JW97 Clones B1-B6 did not produce PCR product from the colony PCR screens,
suggesting that these clones do not contain the desired fragment of DNA (results not
shown). Failure of ligation and transformation of JW97 Target 4 samples may be
associated with the preparation of the samples which were used in the ligation reactions.
After amplification of all fly samples (see Sections 3.5.1 and 3.5.2) with primer sets SRJ-14941 and CMEG-A (Target 3) and CMEG-AR and N2-N-327 (Target 4), the reactions
were loaded onto a 20 well 1% agarose gel, and after electrophoresis the PCR product
bands were excised over a UV transilluminator (see Fig. 11).

The PCR product bands were excised in a direction from lane 1 – 20 (excluding MW
lanes 10 and 20). This approach means that the PCR product in lane 1 (JW96) would
have had minimal UV exposure, whereas PCR product in lane 19 (JW97) would have had
maximal exposure to UV light. If PCR product is over-exposed to shortwave UV, ligation
may be compromised due to the formation of pyrimidine dimers. The exposure level of
JW97 (Target 4) would have been far greater than that of JW96 (Target 3), which may
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explain why the ligation and transformation worked for sample JW96 but not for JW97
(see Fig. 12).

UV-B irradiation is often inevitable for visualization of DNA fragments after ethidium
bromide staining (Mäueler et al. 1994). Gründemann and Schömig (1996) demonstrated
that DNA in an agarose gel may suffer extensive damage by radiation from a standard
UV transilluminator. Visualizing DNA with ethidium bromide and exposure of UV light
was shown to damage DNA and significantly decrease cloning efficiency (Hartman 1991,
Gründemann and Edgar Schömig 1996). Exposure of ethidium bromide stained DNA to
300 nm of UV light for as little as ten seconds has been shown to produce detectable
damage to the DNA (Cariello et al. 1988). The wavelength of the ultraviolet source, as
well as the duration of exposure of DNA to the light source has measurable effects on the
resulting decline in quality of the DNA (Brunk and Simpson 1977, Mäueler et al. 1994).
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Figure 12: Image of an agarose gel following electrophoresis of 1ng MW (lanes 10 and 20) indicating
positioning of amplified PCR bands on agarose gel of JW96 lane 1 (Target 3), lane 10; Molecular
weight marker (Lambda DNA/ EcoRI + HindIII), and JW97 lane 12; (Target 4), lane 20; Molecular
weight marker (Lambda DNA/ EcoRI + HindIII).

As UV exposure may have affected the previous gel purified samples, the DNA was reamplified under the same conditions (see Sections 2.2.3), and the exposure to shortwave
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UV was reduced by switching off the transilluminator between excisions, reducing the
time that each PCR product band was exposed to UV light. This approach was adopted to
clone Targets 3 and 4 from all nine Chrysomya species found within Australia.

3.3 Target 3
3.3.1 Transformations of Target 3
DNA from Chrysomya samples (JW96, JW97, JW32, JW26, JW82, JW103, JW161, 193
and JW13) were amplified with primers SR-J-14941 and CMEG-A (Target 3) (see
section 2.2.3) and transformed into JW109 competent cells (as described in Section 2.4).

The ligation control contained over 60% white colonies, and the transformation
efficiency was 3.58 x 106 cfu/µg. All samples produced numerous white colonies.
Positive white colonies were re-streaked onto fresh Amp/IPTG/X-gal agar plates and
incubated at 37°C for 5 h.

3.3.2 Colony PCR Screening of Target 3
Colony PCR screening was used to examine bacterial colonies for the desired mtDNA
insert. JW96 Clones M7-M12 produced fragments approximately 0.9 kb long, indicating
that Target 3 had been successfully inserted into pGEM®-T Easy in these clones.
However, JW193 Clones L1-L6 did not produce any visible PCR bands upon agarose gel
electrophoresis, suggesting that these clones did not contain the desired fragment of DNA
(see Fig.13).
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Figure 13: Image of an agarose gel following electrophoresis of 1 ng of MW (lanes 7 and 14), lanes 16; colony screen of Chrysomya latifrons (JW193, clones L1-L6 respectively) and lanes 8-13;
Chrysomya safranea (JW96, clones M7-M12 respectively) mtDNA Target 3 amplified with primers
SR-J-14941 and CMEG-A, and a negative control (lane 15).

Colony PCR screens were used to identify clones containing the desired mtDNA insert
for seven other Chrysomya blowfly species, resulting in positive colony PCR screens for
JW32, JW82 and JW97 (results not shown). Colony PCR screens for JW13, JW103,
JW26 and JW161 samples failed to detect the desired mtDNA insert (results not shown).
Plasmid DNA was the prepared from these colonies to further investigate the presence or
absence of the desired mtDNA insert.

3.3.3 Plasmid DNA Purification of Target 3
Colony PCR can sometimes fail, perhaps due to the crude nature of the material
(unpurified bacteria) added to the PCR reaction. To check whether the JW193 clones
really were negative for the insert, two colonies (clones L4 and L6) were selected to
purify using the Wizard® Plus SV Miniprep System [(Promega, Australia), see section
2.4.2] to examine whether these clones contained the desired DNA insert.

Both plasmid DNA bands (JW193 clones L4 and L6) were approximately 1 kb in size
when visualised on an agarose gel. This is considered a positive result, as the vector DNA
can account for the 3 kb fragment, as pGEM®-T Easy is 3015 bp. The agarose gel
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indicates that the size of the insert is approximately 4 kb, as would be expected if a single
DNA amplicon of 0.6-0.9 kb had been inserted into each clone (see Fig. 14 of Target 3).
To confirm the size of the insert, and that each clone contained only one amplicon, they
were digested with the restriction enzyme NotI.
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Figure 14: Image of an agarose gel following electrophoresis of 1 ng of MW (lane 1), plasmid DNA
screen Chrysomya latifrons mtDNA (JW193, lanes 1-2, clones L4 and L6 respectively).

Plasmid DNA purification of JW13 and JW26 demonstrated plasmid DNA bands of
approximately 4 kb in size when visualised on an agarose gel (results not shown). JW103
and JW161 demonstrated the desired insert in fewer clones, and therefore DNA from
these samples (amplified with primers SR-J-14941 and CMEG-A, Target 3) were again
transformed into JW109 competent cells to increase the yield of clones containing the
desired DNA insert (as described in Section 2.4).

3.3.4 Restriction Enzyme Analysis of Target 3
The second method utilised for screening the bacterial colonies was restriction enzyme
digestion. Restriction endonucleases are bacterial enzymes that bind and cleave DNA at
specific target sequences. Type II restriction enzymes are the most widely used in
molecular biology applications. They bind DNA at a specific recognition site, consisting
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of a short palindromic sequence, and cleave within this site e.g. NotI (as described in
Section 2.4.3).

Restriction enzyme digestion was performed on the purified plasmid DNA using NotI
(see section 2.4.3). The reactions were electrophoresed on a 1% agarose gel (see section
2.3) to determine which clones contained the desired DNA fragment.

The restriction digestion screen identified that both clones contained the desired
amplified mtDNA fragment even after colony PCR screen failed to identify the fragments
in the clones. Restriction digestion of plasmid DNA from JW193 clones L4 and L6 (see
Fig. 15 lane 2 and 4 respectively) revealed two fragments, one of approximately 3 kb,
which corresponded to the size expected for the linearised vector (see section 2.4.3), and
one of approximately 0.6-0.7 kb, which is the size of the desired DNA insert.
1
M

2
3
4
5
L4 L4 L6 L6

MW (bp)

21,226
5,148
4,973
4,268
3,530
2,027
1,904
1,584
1,375
947
831
564

~4.0 kpb uncut vector
~3.0 kpb cut vector

~0.6-0.7 kpb DNA insert

JW193
Target 3

JW193
Target 3

Figure 15: Image of an agarose gel following electrophoresis of 1 ng of MW (lane 1), lane 3 and 5;
control digestion reaction of Chrysomya latifrons (JW193) plasmid DNA (clones L4 and L6
respectively), and lanes 2 and 4; NotI digested plasmid DNA Chrysomya latifrons [(JW193) Clones
L4 and L6 respectively].
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3.4 Target 4
3.4.1 Transformations of Target 4
Chrysomya samples (JW96, JW97, JW32, JW26, JW82, JW103, JW161, 193 and JW13)
were amplified with primers N2-N-327 and CMEG-AR (Target 4) (see section 2.4). DNA
from each sample was then transformed into JW109 competent cells.

3.4.2 Colony PCR Screening of Target 4
Colony PCR screening was used to examine bacterial colonies for the desired DNA
product of 0.6-0.9 kb. Each amplification reaction was inoculated with a white bacterial
colony, and amplified using the original primers (as described in section 2.4.1).

Colonies were screened for the mtDNA insert both by colony PCR and by restriction
enzyme digestion of the purified plasmid DNA. The negative control (blue colony da12,
lane 12) produced a large bright band of approximately 100 bp as expected (see Fig.16).

MW(bp)

1 2 3
4 5 6
7
8 9 10 11 12 13 14
ca1 ca2 ca3 ca4 ca5 ca6 da7 da8 da9 da10 da11 da12 M -ve

21,226
5,148
4,973
4,268
3,530
2,027
1,904
1,584
1,375
947
831
564

JW97 Target 4

JW96 Target 4

Figure 16. Image of an agarose gel following electrophoresis of 1 ng of MW (lane 13), colony screen
of Chrysomya megacephala (JW97) lanes 1-6; clones ca1-ca6 respectively and Chrysomya latifrons
(JW96) lanes 8-12; clones da7-da12 respectively, blue colony JW96 lane 12, mtDNA Target 4
amplified with primers N2-N-327 and CMEG-AR, and a negative control (lane 14).
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When compared to the other samples, clone ca5 produced a bright band of a similar size
and intensity to the negative control, so it could be expected that this clone did not
contain the desired DNA insert. Chrysomya megacephala (JW97) clones ca1-ca6 and
Chrysomya latifrons (JW96) clones da7-da11 did not demonstrate a DNA fragment of the
expected size, however they differed visually upon comparison to the negative control.
Therefore selected clones were screened for the DNA insert by restriction enzyme
digestion.

3.4.3 Plasmid DNA Purification of Target 4
Colonies selected from JW97 Chrysomya megacephala (clone ca2) and two clones for
JW96 Chrysomya safranea (clones da7 and da8) were purified using the Wizard® Plus
SV Miniprep System (Promega, Australia, see Section 2.4.2) to examine whether these
clones contained the desired DNA insert. Electrophoresis of the plasmid DNA for JW96
clone da7 measured approximately 4.0 kb in size. This is considered a positive result, as
the vector DNA can account for the 3 kb fragment, as pGEM®-T Easy is 3015 bp. The
agarose gel indicates that the size of the plasmid is approximately 4 kb, as would be
expected if a single DNA amplicon of 0.6-0.9 kb had been inserted into the clone. Clones
JW97 ca2 and JW96 da8 (see Fig. 17, lanes 1 and 3 respectively) contained plasmid
DNA of approx. 8.0 kb, which is larger than the expected product size of the plasmid
DNA containing the desired DNA insert. To confirm the size of the DNA insert in each
clone they were then digested with the restriction enzyme NotI.
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MW(bp)

1
2 3 4
5 6
ca2 da7 da8 M -ve +ve

~8.0 kpb
~4.0 kpb

21,226
5,148
4,973
4,268
3,530
2,027
1,904
1,584
1,375
947
831
564

JW97
Target 4

JW96
Target 4

Figure 17: Image of an agarose gel following electrophoresis of 1 ng of MW (lane 4), plasmid DNA
screen lane 1; Chrysomya megacephala mtDNA (JW97) – clone ca2, lanes 2-3; Chrysomya safranea
(JW96) clones da7 and da8 respectively, lane 5; negative control colony, lane 6; positive control
colony.

3.4.4 Restriction Enzyme Analysis of Target 4
Restriction enzyme digestion using NotI was performed on the purified plasmid DNA, for
clones ca2, da7 and da8 (see section 2.4.3). The reactions were electrophoresed on a 1%
agarose gel (see section 2.3) to determine which clones contained the desired DNA
fragment.

The restriction digestion screen identified that all of the clones contained the desired
amplified mtDNA fragment even after colony PCR screen failed to identify the DNA
inserts in the clones. Restriction digestion of plasmid DNA from JW97 clone ca2 (see
Fig. 18 lanes 1 and 2) and JW96 clones da7 and da8 (Fig. 18 lanes 4-7), revealed two
fragments one of approximately 3 kb, which corresponded to the size expected for the
linearised vector (see section 2.4.3), and one of approximately 0.8 kb, which is the size of
the desired DNA insert. Double banding of the cut vector (lanes 1 and 4) may be due to
incomplete DNA digestion.
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1
2 3 4
5
6
7
8
ca2 ca2 M da7 da7 da8 da8 M

MW (bp)
21,226
5,148
4,973
4,268
3,530
2,027
1,904
1,584
1,375
947
831
564

~4.0 kpb uncut vector
~3.0 kpb cut vector

~0.8 kpb DNA insert

JW97
Target 4

JW96
Target 4

JW96
Target 4

Figure 18: Image of an agarose gel following electrophoresis of 1 ng of MW (lanes 3 and 8). Lane 2;
control (undigested) reaction of Chrysomya megacephala mtDNA (JW97) plasmid DNA (clone ca2),
lane 1; NotI digested plasmid DNA (JW97) clone ca2, lanes 5 and 7; control (undigested) reaction of
Chrysomya safranea mtDNA plasmid DNA (JW96) clones da7 and da8 respectively, and lanes 4 and
6; NotI digested plasmid DNA (JW96) clones da7 and da8 respectively.

3.5 Sequencing and Analysis
3.5.1 Introduction
Restriction enzyme analysis of selected clones for Targets 3 and 4 demonstrated that the
correct size insert for each of the desired fragments had been successfully cloned into
bacterial plasmids using the pGEM®-T Easy cloning system. After successful cloning of
Target 3 and Target 4 from nine species of Chrysomya, (Ch. saffranea, Ch. megacephala,
Ch. semimetallica, Ch. varipes, Ch.

incisuralis, Ch. nigripes, Ch. flavifrons, Ch.

rufifacies and Ch. latifrons) each clone was sequenced. For each species of Chrysomya
examined, three clones of each target were sequenced from a single individual. In this
way, both the interspecific and intraindividual variation could be assessed. The level of
variation discovered explains why direct sequencing was unsuccessful, and is described
below.
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3.5.2 Target 3
There were large differences (up to 40%) in the size of the Target 3 fragments between
species, ranging from Ch. semimetallica (JW32) with 530 base pairs to 843 base pairs in
Ch. incisuralis (JW26). The difference in size of the fragments between blowfly species
is due to the presence of variation in the number of nucleotides in homopolymer runs,
variation in number of short tandem repeats (AT), and presence of duplicated genes
(Moritz and Brown 1987) and pseudogenes (Lessinger et al. 2004). Heteroplasmy,
identified from differences between clones generated from individual blowflies, consisted
of single base pair substitutions, variation in length of homopolymer runs and variation in
the number of short tandem repeats. These intraindividual differences will be examined
further below.

The quality of the sequences between clones of the same individual remained consistent
across the nine species of Chrysomya for Target 3, and was constant in both forward and
reverse strands. The sequence data below for clones JWT3R7, JWT3R8 and JWT3R11 of
Ch. Semimetallica (JW32) demonstrates length heteroplasmy of the adenine
homopolymer run clone JWT3R8 [(A)15], clones JWT3R7 and JWT3R11 [(A)16] as well
as a T-C base substitution at position 173 as well as (see Fig 19 and 20).
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Fig 19: Sequence alignment of Ch. Semimetallica (JW32) clones JWT3R7, JWT3R8 and JWT3R11
forward and reverse strands from a Target 3 amplicon.

310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

Figure 20:

TTAGTAATATTTATATTAAAAATATTCTCCTCTCCCCTTTTTTTTTTTTTTTTATATGTA
TTAGTAATATTTATATTAAAAATATTCTCCTCTCCCCTTTTTTTTTTTTTTTTATATATA
TTAGTAATATTTATATTAAAAACATTCTCCTCTCCCC-TTTTTTTTTTTTTTTATATATA

Nucleotide alignment of Ch. Semimetallica (JW32) clones JWT3R7, JWT3R8 and

JWT3R11 forward and reverse strands from a Target 3 amplicon.

3.5.3 tRNA Genes of Target 3
The Target 3 fragment was expected to contain duplicate tRNAIle genes, as these have
been reported to occur in the same region in Ch. albiceps, Ch. chloropyga and Ch.
megacephala (Lessinger et al. 2004) (see Fig. 21 below). As expected, these duplicate
genes were present in Ch. saffranea (JW96), Ch. megacephala (JW97), Ch. incisuralis
(JW26), Ch. flavifrons (JW103) and Ch. rufifacies (JW161) (see Appendices 1, 2, 5, 7
and 8).
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Two of three Ch. nigripes (JW82) clones sequenced (Clone N2 and N3) had duplicate
tRNAIle gene copies, however, the duplicate tRNAIle genes was not present in all clones.
The absence of a duplicate tRNAIle gene in clone N6 is due to base substitutions for clone
N6 at base 56 (T-C), and at base 99 (G-A) (Fig. 22). Ch. varipes (JW13) contained a
partial tRNAIle gene, with a base substitution at base 106 (G-A) and contained a deletion
of the last seven base pairs (see Appendix 4). Ch. semimetallica (JW32) and Ch. latifrons
(JW193) did not contain the duplicate tRNAIle gene (Appendices 3 and 9).

’

tRNAIle

5

JW82 - Ch. nigripes

550 bp

’

Control Region

tRNAIle

5

’

3

rrnS

731 bp
CIR

’

5

JW32 - Ch. semimetallica

’

3

rrnS
CIR

JW13 - Ch. varipes

tRNAGln*

Control Region

’

3

rrnS

530 bp
Control Region

Figure 21: Schematic diagram of tRNA gene arrangements located in Target 3 fragment of
Chrysomya blowflies; Ch. nigripes (JW82), Ch. varipes (JW13) and Ch. semimetallica (JW32).

Target 3 was also expected to contain a partially duplicated tRNAGln pseudogene, again
reported for Ch. albiceps, Ch. chloropyga and Ch. megacephala (Lessinger et al. 2004).
The partially duplicated tRNAGln pseudogene was identified in the same flies that the
duplicate tRNAIle gene was found in; Ch. nigripes (JW82) (see Fig 22), Ch. saffranea
(JW96), Ch. megacephala (JW97), Ch. rufifacies (JW161) and Ch. flavifrons (JW103)
[containing a substitution at base 191 (T-A)], with the exception of Ch. varipes (JW13)
which did not contain the pseudogene. Ch. latifrons (JW193) and Ch. semimetallica
(JW32) did not contain either the duplicate tRNAIle or partially duplicated tRNAGln
pseudogene, however, they did contain conserved sequences which may be required for
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mtDNA replication/transcription processes (see Fig 21). The partially duplicated tRNAGln
pseudogene was identical in sequence not only among clones, but between species of
blowflies (see Appendices 1, 2, 5, 6, 7 and 8).
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10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

AAATAATTTTAAATAAATAATAAAAATTAGTAAA-GATAGCAATCCTACTTTTAACGAAT
AAATAATTTTAAATAAATAACAAAAATTAGTAAAGGATGGCAATCCTACTTTTAATGAAT
AAATAATTTTAAATAAATAATAAAAATTAGTAAA-GATAGCAATCCTACTTTTAATGAAT
tRNAIle
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATATAATAATATTACATTCATTAT
TGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACATTCATTAT
TGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATATAATAATATTACATTCATTAT
tRNAGln (pseudo)
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TAATTATATTTAATAGAATTAAACTATTTCTAAATAATTATTAATTGGTAAATACTCCCA
TAATTATATTTAATAGAATTAAACTATTTCTAAATAATTATTAATTGGTAAATACTCCCA
TAATTATATTTAATAGAATTAAACTATTTCTAAATAATTATTAATTGGTAAATACTCCCA
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TATATATATACTATATATATATATATATACATATAATACCCCTATTGATATACATATATA
TGTATGTA-----TATATAC-TATATATACATATAATACCCCTATTGATATACA-----TATATATATAC--TATATATATATATATACATATAATACCCCTATTGATATACATATATA
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT
TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT
TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TAAATTAAAATAATAAAAATTAGTAACAAAATTTAAAAAAATTTAGAACTTTCCTTCATT
TAAATTAAAATAACAAAAATTAGAAACAAAATTTAAAAAAATTTAGAACTTTCCTTCA-TAAATTAAAATAATAAAAATTAGTAACAAAATTTAAAAAAATTTAGAACTTTCCTTCA-370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TTTTTTTTTTTTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA
----------TTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA
TTTTTTTTTTTTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

ATTTTATATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAAGATTAATA
ATTTTATATTGAAGCGTGCAAAAATGTATTTTTGGTCTATATACCAAATAAAGATTAATA
ATTTTATATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAAGATTAATA
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

GATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGAAAA
GATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAG-AAA
GATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGAAAA
550
....|....|

JW82T3N6
JW82T3N2
JW82T3N3

AAAAAATTTA
AAAAAATTTA
AAAAAATTTA

Figure 22: Nucleotide alignment of Ch. nigripes (JW82) clones N2, N3 and N6 from a Target 3
amplicon. Black arrows indicate point substitutions, green arrows indicate short tandem repeats,
red arrows indicate length variation of homopolymer runs.
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3.5.4 Conserved Sequence Blocks (CSBs) of Target 3
The structural conservation of the control region was reviewed by Zhang et al. (1997),
dividing insect control regions into two distinct groups based on the organisation of
conserved and variable regions within the control region. Lessinger and Azeredo-Espin
(2000) described eight conserved sequence blocks (CSBs) in the control region of
Brachycera taxa, including Chrysomya megacephala. Additional investigation by
Lessinger et al. (2004) assigned these CSBs in several Chrysomya species; C.
Chloropyga, C. megacephala and C. albiceps (with the exception of CSB V, which
corresponds to the CMEG-A and CMEG-AR primer annealing site). It is suggested that
the CSBs may play a role in mtDNA replication/transcription processes.

Three CSBs were located in the Target 3 Region; CSBVI, CSBVII and CSBVIII (see Fig
22 and Appendices 1-9). CSBVI and CBSVII showed high levels of conservation in all
blowflies at these sites. CSBVI was the largest of the conserved sequence blocks
identified and conserved G/C sites were located in CSB VII. CSBVIII was identified to
contain a large poly-thymidine stretch. Length heteroplasmy was observed in the CSBIII
site due to; variable copy number of thymidine bases, AT tandem repeats and
polyadenine stretches in several Chrysomya flies (see Fig. 23).
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JW82T3
JW96T3
JW97T3
JW103T3
JW161T3
JW193T3

TATTTA-----AATT----------AAAATAAT-AAA-------AATTAGTAACAA-------AATTTAAAA----------AAATTTAG
CATAAA-----------------A----ATTAA-AAATAATAA-AAATAACAAAAATTAGTATAATTTATTA----------A--TTTAT
CATAAA-----------------A----ATTAA-AAATAATAA-AAATAACAAAAATTAGTATAATTTATTA----------A--TTTAT
TATTTATTCATAATTTTTTTTTTAAAAAAAAAT-AAATTATTATAATTATAAACAATTATAATAATTTAAATTAGTA-ATATAAATTTAA
AGTA-AATAATAAATTACAAATTATACAATAATTATTATATAAAAAATTTTCATTTTTCTTTTCTTCTCTCCCATGTGTGGTATGGGTGT
TATTAA-----------------A----TTAAT-ATAATTTTT-AAATAATAACAATTAGTATTATTTATA---------------TTAA
CSB VIII
640
650
660
670
680
690
700
710
720
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3
JW13T3
JW32T3
JW82T3
JW96T3
JW97T3
JW103T3
JW161T3
JW193T3

AT---TATCTTATATAATCTACACAATCGTATATAAG-----ATTTTTTTTTTTTTTTTTTTTTTTTTTTTTATATATATATAATTATAA
A-----ATTTAATAAATTTTCCATTATTTCTCATGT-------TTTTTTTT---TTTTTTTTTAGAATTTTTTAATATATAATTCATTTA
A-----AATA-------TTCTCCTCTCCCCTTTTTT-------TTTTTTTT---TTATATATATAAAAAATATAATATATAATTCATTTA
A-----ACTT---------TCCTTCATTTTT------------TTTTTTTT---TTTTTTTTTTTTTTTTATTA-TTTATTATTCATCTA
A-----ATTGA-----TTTTTCATAG-TTTTTTTTT-------TTTTTTTT--TTATTATATAAAAAAAAAATAATATATAATTCATTTA
A-----ATTGA-----TTTTTCATAGTTTTTTTTTT-------CTTTTTTT-ATTTATATATATAAAAAAAATAATATATAATTCATTTA
A-----ATTCAATGATTTCTCCCTTATTATTATAAA-------TTTTTTTT---TTTTTTTTTTTTTTTT-GTA-TATATATTTCATTTA
GTGTGTAAGAGAGGTTGTGTGTGTGGTTATGTGTGTGTGTGTGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTATATATATATATATTA
A-----ATTA-------TTCTT-TCACTCCCTTTTT-------TTTTTTTT---TTATATATATAAAAAATATAATATATAATTCATTTA
CSB VII

CSB VI

730
740
750
760
770
780
790
800
810
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3
JW13T3
JW32T3
JW82T3
JW96T3
JW97T3
JW103T3
JW161T3
JW193T3

ATAATAGAT-------------ATATCAATTTTTATATTGAAGCGTCCAAAAATTTATTTTTAGTCTATATACCAAATAAG-ATTAATAG
ATAACCCCTC---------------TCAAATTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAAA-ATTAATAG
AATATACCTC---------------TCCAATTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATATATAATAAA-ATTAATAG
AATAGGCCTC---------------TCTAATTTTATATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAAGATTAATAG
AATATACCTC---------------TCCAATTTTATATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAA-ATTAATAG
AATATACCTC---------------TCCAATTTTATATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAA-ATTAATAG
ATGACCCCTC---------------TCAATTTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAAA-ATTAATAG
ATAATATTTTATTTAAAAGAGGGTATCAATTTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAGG-ATTAATAG
AATATACCTC---------------TCCAATTTTATATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATATATAATAAA-ATTAATAG
CSB VI
820
830
840
850
860
870
880
....|....|....|....|....|....|....|....|....|....|....|....|....|....|.

JW26T3
JW13T3
JW32T3
JW82T3
JW96T3
JW97T3
JW103T3
JW161T3
JW193T3

ATATATATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGATA-AAAAAAAAATTTCA
ATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAAAAAAAAATTTA
ATATCTATTAATATATAAATATTTAATTAATTAATAGATATCTATTAATTTAGAGT-AAAAAAAAA-TTTA
ATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAG--AAAAAAAAAATTTA
ATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGT-AAAAAAAAAATTTA
ATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGT-AAAAAAAAAATTTA
ATATTTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGT-AAAAAAAAAATTTA
ATAAATATTAATATATAAATATTTAATTAATTAATATTTATCTATTAATTTAGACT-AAAAAAAAATTTCA
ATATCTATTAATATATAAATATTTAATTAATTAATAGATATCTATTAATTTAGAGT-AAAAAAAAA-TTTA

Figure 23: Nucleotide alignment of consensus sequence of nine Australian Chrysomya blowflies
Target 3 amplicon. CSBs are indicated by black lines.
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3.5.5 Length variation of Target 3
Homopolymer runs of thymidines and adenines were detected in the Target 3 fragment,
towards the 3’ end, for all blowflies. Homopolymer length heteroplasmy in clones from
the same individual were detected in several blowfly species (see Ch. nigripes JW82 Fig.
21). A poly-thymidine run starting at base 359 contained different numbers of thymidine
bases in each clone; N2 contained 17, N3 contained 27, and N6 contained 29 thymidine
bases (Fig. 22 and Fig 24 below). This blowfly also contained a short poly-adenine
stretch located at the 3’ end of the fragment (position 537), N2 possessed 9 adenine
bases, while clones N3 and N6 possessed 10 adenine bases. Length variation due to
homopolymer runs was observed in all of the Chrysomya species sequenced with the
exception of Ch. incisuralis (JW26).
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320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TAAATTAAAATAATAAAAATTAGTAACAAAATTTAAAAAAATTTAGAACTTTCCTTCATT
TAAATTAAAATAACAAAAATTAGAAACAAAATTTAAAAAAATTTAGAACTTTCCTTCA-TAAATTAAAATAATAAAAATTAGTAACAAAATTTAAAAAAATTTAGAACTTTCCTTCA-370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TTTTTTTTTTTTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA
----------TTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA
TTTTTTTTTTTTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA

Fig 24: Nucleotide alignment of Ch. nigripes (JW82) clones JW82T3N6, JW82T3N2 and JW82T3N3 from a
Target 3 apmlicon. Length heteroplasmy between clones JW82T3N6, JW82T3N2 and JW82T3N3 from the

same individual due to Thymidine homopolymer runs between 359-370. Intraindividual
heteroplasmy of clone JW82T3N2 demonstarted in point mutations at base 314 (T->C) and 324 (T->A).

Length variation due to the addition or deletion of dinucleotide repeats [(TA)n] were also
observed between clones generated from the same individual. For example, Ch nigripes
(JW82) clone N6 contained an additional dinucleotide TA repeat unit at base 192, clone
N2 contained a TA deletion at base 200, and clone N3 contained a deletion of three TA
units at position 235 (see Fig 22 and Fig 25 below). This was also characterised in other
species; Ch. latifrons (JW193), Ch. rufifacies (JW161), Ch. flavifrons (JW103), Ch.
incisuralis (JW26), Ch. semimetallica (JW32), and Ch. megacephala (JW97).
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190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TATATATATACTATATATATATATATATACATATAATACCCCTATTGATATACATATATA
TGTATGTA-----TATATAC-TATATATACATATAATACCCCTATTGATATACA-----TATATATATAC--TATATATATATATATACATATAATACCCCTATTGATATACATATATA
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT
TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT
TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT

Fig 25: Nucleotide alignment of Ch. nigripes (JW82) clones JW82T3N6, JW82T3N2 and JW82T3N3 from a
Target 3 apmlicon. Clone JW82T3N2 demonstrates a base substitution A->G at bases 182 and 186, a base
substitution T->C at base 200, a base deletion (A) at base 201, a deletion of bases 189-193 and a deletion of TA
repeat sequence between 235-240 causing length heteroplasmy. Clone JW82T3N3 demonstrates a partial
sequence deletion of bases 192-193.

Point substitutions were also common throughout the Target 3 fragment. Pyrimidine
substitutions for Ch nigripes (JW82) include clone N2; base 21 T-C, base 200 T-C and
base 314 T-C; and clone N6 base 56 T-C. Purine substitutions were observed in clone
N2; base 39 A-G, base 99 A-G, base 182 A-G and base 186 A-G (see Fig. 22 and Fig 25
above). Point substitutions were observed across all nine species of Chrysomya
sequenced.

Indels (insertions or deletions) were also observed in the Target 3 fragment from clones
generated from the same individual. Ch nigripes (JW82) clone N2 contained a point indel
at base 35, and a three base indel (TAC) at position 189-191. At base 200 and 201, there
was a T-A substitution for a cytosine base in clone N2 (see Fig 22 and Fig 25 above). The
variations observed across the Chrysomya are summarised in Table 4.
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Table 4: Intraindividual variation within nine species of Chrysomya blowflies Target 3.
Species

tRNAIle

tRNAGln

Polythymidine

Polyadenine

Dinucleotide

Point

gene

gene

variation

variation

Repeats

substitutions

Indels

Appr
ox.
Size
(bp)

JW96

Ch. saffranea









JW97

Ch. megacephala









JW32

Ch. semimetallica

JW13

Ch. varipes

JW26

Ch. incisuralis





JW82

Ch. nigripes



JW103

Ch. flavifrons

JW161

Ch. rufifacies

JW193

Ch. latifrons




















Partial



593





597





530



731



























843


550
794



800
543

3.5.6 Target 4
The differences in the size of the Target 4 fragments were less marked than the
differences observed in Target 3. Ch. rufifacies (JW161) was the smallest of the Target 4
fragments, consisting of 644 base pairs. Ch. incisuralis (JW26) and Ch. flavifrons
(JW103) were the largest, both containing 751 nucleotides. The IQM gene cluster
(Lessinger et al. 2004) was located in each species of Chrysomya blowfly sequenced.
Heteroplasmy, identified from differences between clones generated from individual
blowflies, consisted of single base pair substitutions, variation in length of homopolymer
runs and large insertions and deletions.

These intraindividual differences will be

examined further below.

The quality of the sequences between clones of the same individual remained consistent
across the nine species of Chrysomya for Target 4, and was constant in both forward and
reverse strands. However due to the length of Target 4, complete sequence reads in
forward and reverse strands frequently did not occur. The sequence data below for clones
JW82T4.1, JW82T4.2 and JW82T4.4 of Ch. nigripes (JW82) demonstrates length
heteroplasmy of the adenine homopolymer run 82T4.4 [(A)7], clones JW82T4.1 and
JW82T4.2 [(A)21] as well as a C-A base substitution at position 340 (see Fig 26 and 27).
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Fig 26: Sequence alignment of Ch. nigripes (JW82) clones JW82T4.1, JW82T4.2 and JW82T4.4 forward
and reverse strands from a Target 4 amplicon.

370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AAAAACAAAAAAAAAAAAAAAAAAAAAGATAGCAATCCTACTTTTAATGAATTGCCTGAT
AAAAACAAAAAAAAAAAAAAAAAAAAAGATAGCAATCCTACTTTTAATGAATTGCCTGAT
AAAAA--------------------AAGATGGCAATCCTACTTTTAATGAATTGCCTGAT

Figure 27: Nucleotide alignment of Ch. nigripes (JW82) clones JW82T4.1, JW82T4.2 and JW82T4.4 from a
Target 4 amplicon.

3.5.7 tRNA Genes of Target 4
A tRNA scan identified the IQM gene cluster (Lessinger et al. 2004) in all nine species of
Chrysomya blowflies sequenced (see Fig 28). However, due to intraindividual variation
(point mutations, insertions and deletions) some clones did not contain the tRNAIle gene.
Ch. nigripes (JW82) clone JW82T4.4 contains a large deletion in the middle of the
tRNAIle gene of 15 nucleotides (CCTTGATAGGGTAAA), clone JW82T4.1 contains a
base substitution in the same gene at base 465 T-C (see Fig 29). Other variations in the
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tRNAIle genes were located in Ch. semimetallica (JW32) containing two base
substitutions and Ch. flavifrons (JW103) containing one base substitution.
’

5

tRNA Ile

tRNAGln

’

tRNAMet

Control Region

3

Nad2

Figure 28: Schematic diagram of tRNA gene arrangements located in Target 4 fragment of
Chrysomya blowflies also known as the IQM gene cluster.

Ch. megacephala (JW97) contains two A-G transitions in the tRNAIle gene at bases 398
and 405 when compared to the Cochliomyia hominivorax tRNAIle gene (GenBank
accession number AF151383), as described by Lessinger et al. (2004). The same base
substitutions are also evident in the species Ch. saffranea (JW96) (see Appendices 10 and
11). The base substitutions in the tRNAIle gene of these two species are also present in
both of the duplicate tRNAIle genes in the Target 3 fragment (see Appendicies 1 and 2).
A single A-G transition in the tRNAIle gene at base 405 when compared to the
Cochliomyia hominivorax tRNAIle gene (GenBank accession number AF151383) was
found in JW 13 Ch. varipes, JW26 Ch. incisuralis, JW82 Ch. nigripes, JW103 Ch.
flavifrons and JW161 Ch. rufifacies (see Appendices 13, 14, 15, 16 and 17). This single
transition was also reflected in the duplicate tRNAIle genes in the Target 3 fragment (see
Appendices 4, 5, 6, 7 and 8).
tRNAGln genes were found in Target 4 fragments of all Chrysomya species. Point
mutations in this gene were common across most species sequenced. Ch. nigripes
(JW82) clone JW82T4.4 contains a base substitution at position 492 T-A (see Fig. 29).
Single nucleotide substitutions were also located in Ch. flavifrons (JW103), Ch.
incisuralis (JW26), Ch. megacephala (JW97), Ch. latifrons (JW193), and Ch. varipes
(JW13).
tRNAMet genes were located in Target 4 fragments of all nine species of Chrysomya flies.
Again some of the clones displayed intraindividual differences. For example, Ch.
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nigripes (JW82) clone JW82T4.1 has a substitution at base 557 (A-G), and clone
JW82T4.4 has a substitution at base 558 (A-G) (see Fig 29).
The tRNAMet gene of Australian Ch. megacephala (JW97) is different from the sequence
of the Brazilian Ch. megacephala, (GenBank accession AF151386), with a substitution at
base 558 (T-C).
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10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

GTTACTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTGATTTTTTTA
GTTACTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTGATTTTTTTA
GTTATTAAAACTTTATTAATAATGATTTATATAGTAATTATGTAGAAATTGATTTTTTTT
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AAAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTA
AAAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTA
AAAAAATTATTTATTAATGTATGTGAACTATATTTATAATTTTATATAAATGATTTATTA
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

ATTATTAAATATTTATATATTTATTCACAATTTAATAAATTATAAATTTATGAATTAAAT
ATTATTAAATATTTATATATTTATTCACAATTTAATAAATTATAAATTTATGAATTAAAT
ATTATTAAATATTTATTTATTTATTCATAATTTAATAAATTATAAATTTATAAATTAAAT
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TATATATAAATATATATATATATATATAT------------------------GCAATAT
TATATATAAATATATATATATATATATAT------------------------GCAATAT
TATATATATATATATATATATATATATATATATATATATATATATATATATATGCAATAT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TTAATTATCTAAACTTAATTTATTTA-ATAATAAAAATTTATTACTAATTTTTATTATTA
TTAATTATCTAAACTTAATTTATTTA-ATAATAAAAATTTATTACTAATTTTTATTATTA
TTAATTATCTAAACCTAATTTATTTTTACTATAAAAATTTGTTACTAATTTTTATTATTA
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AATATATTTTACAATAATATTTAAAAAA-TAAAATTATGCAAAAAATATTACTATAAAAT
AATATATTTTACAATAATATTTAAAAAA-TAAAATTATGCAAAAAATATTACTATAAAAT
AATATATTTTATAATAATACTTAAAAAAATAAAATTATACAAAAAATATTACTATAAAAT
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AAAAACAAAAAAAAAAAAAAAAAAAAAGATAGCAATCCTACTTTTAATGAATTGCCTGAT
AAAAACAAAAAAAAAAAAAAAAAAAAAGATAGCAATCCTACTTTTAATGAATTGCCTGAT
AAAAA--------------------AAGATGGCAATCCTACTTTTAATGAATTGCCTGAT
tRNAIle

430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACACTCATTATTAATTATA
AAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATA
AAAAAGGGTTA---------------TCATGTAATAATATTACATTCATTATTAATTATA
tRNAGln

490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAA
TTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAA
TTTAATAGAATAAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAA
tRNAMet
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TATACTTAAGTATAAAGAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAA
TATACTTAAGTATAAAAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAA
TATACTTAAGTATAAAAGGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAA
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

GGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATATTTTTCGGAAT
GGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATAATTTTCGGAAT
GGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATAATTTTCGGAAT

Figure 29: Nucleotide alignment of Ch. nigripes (JW82) clones JW82T4.1, JW82T4.2 and JW82T4.4 from
a Target 4 amplicon. Black arrows indicate point substitutions, green arrows indicate short tandem
repeats, red arrows indicate length variation of homoploymer runs, blue arrows indicate indels.
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3.5.8 Conserved Sequence Blocks of Target 4
Four CSBs were located in the Target 4 Region; CSBI, CSBII, CSBIII and CSBIV. CSBI
was identified to contain a large poly-adenine stretch, while conserved G/C sites were
located in CSBII and CSBIV of all Chrysomya species examined (see Fig. 30 and
Appendices 10-18).

CSBIII and CSBIV are highly conserved sequence blocks for all of the Chrysomya
blowflies examined. Length heteroplasmy of the poly-adenine stretch in CSBI and
varying copy numbers of AT tandem repeats in CSBII contribute most of the variation
observed in these blocks. CSBV corresponds to the CMEG-A and CMEG-AR primer
annealing site, and was omitted from the sequence data.
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CSB IV
10
20
30
40
50
60
70
80
90
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4
JW26T4
JW32T4
JW82T4
JW96T4
JW97T4
JW103T4
JW161T4
JW193T4

GTTA-TTAAATATTT-ATTAATAATGATTTATCTA-TTCATTATGTAGAAATTAATTG-TTTTTAAAAAATTATTTAATAATGTATGTGA
GTTA-TTAAA-ACTTTATTAATAATGATTTATATA-ATAATTATGTAGAAATTAATTTATTTTTAAAAA-TTATTTATTAATGTATGTGA
GTTA-TTAAATATTT-ATTAATAATGATTTATATA-TTCATTATGTAGAAATTAATT--TATTAAAAAAATAATTTAATAATGTATGTGA
GTTA-CTAAAACTTT-ATTAATAATGATTTATATA-ATAATTATGTAGAAATTGATTT-TTTTAAAAAAATTATTTATTAATGTATGTGA
--TAATTAAATATTT-ATTAATAATGATTTATCTA-ATTATTATGTAGAAATTGATTG-TTTTAAAAAAATAATTTAATAATGTATGTGA
--TAATTAAATATTT-ATTAATAATGATTTATCTA-ATTATTATGTAGAAATTGATTG-TTTTAAAAAAATAATTTAATAATGTATGTGA
GTTA-TTAAATACTT-ATTAATAAAGATTTATCTA-ATCATTATGTAGAAATTGATTG-TTTTAAAAAAATCATTTAATAATGTATGTGA
GTTA-TTAAAACTTT-ATTAATAATGATTTATATA-ATAATTATGTAGAAATTAATT--TATTAATAAAATTATTTATTAATGTATGTGA
GTTA-TTAAATATTT-ATTAATAATGATTTATATA-TTCATTATGTAGAAATTAATT--TATTAAAAAAATAATTTAATAATGTATGTGA
CSB III

CSB II

100
110
120
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4
JW26T4
JW32T4
JW82T4
JW96T4
JW97T4
JW103T4
JW161T4
JW193T4

ATTATATTTATAAGATTTATA-TAAATTATTTAT-ATATTATTAA-TTAGATATAT-ATT-AATTCATT-ATTTAATAAATTATAAATAT
ATTATATTTATAAT--TTATAATAAATAATTTAT-TAATTATTAA---ATTTATAACTATATATTCATA-ATTTAATAAATTATAAATAT
ATTAGATTTATAAA-TTTATA-TAAATAATTTAT-TAATTATTAA-ATATTTATAT-ATT-TATTCATA-TTTTAATATATTATAAATAT
ATTATATTTATAAT-TTTATA-TAAATAATTTAT-TAATTATTAA-ATATTTATAT-ATT-TATTCACA-ATTTAATAAATTATAAATTT
ATTATATTTATAAT-TTTATA-TAAATAATTTAT-TAATTATTAA-TT--TTATAACATTATATTCATA-ATTTAATATATTATAAATAT
ATTATATTTATAAT-TTTATA-TAAATAATTTAT-TAATTATTAA-TT--TTATAACATTATATTCATA-ATTTAATATATTATAAATAT
ACTATATTTATAATGTTTATA-TAAATTATTTATATA-TTATTAA-TTATATATA--TATTTATACATA-ATTTAATAAATTATAAATAT
ATTATATTTATAATTTATA-A-TAAATAATTTAT-TAATTATTAA-AT--TTATAACTATTTATTCATA-ATTTAATATATAATAAATAT
TTTAAATTTATAAA-TTTATA-TAAATAATTTAT-TAATTATTAA-ATATTTATAT-ATT-TATTCATA-TTTTAATATATTATAAATAT
CSB II
190
200
210
220
230
240
250
260
270
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4
JW26T4
JW32T4
JW82T4
JW96T4
JW97T4
JW103T4
JW161T4
JW193T4

ATGAATAAA--TATATATAAATATATATATATATATATATAT----------------------GCAAAAATAAATTATCTAAATATAAATGAATATA--TATATATATATATATATAAATGTATATATAT-------GCAAT---TTTTAAT-T-A-TTTAAATAATTTTATATTAAT
ATGAATAAA--TATATATAAATA-ATATATATATATATATAT----------------------GCAATTTTTAATTATTTAAATTAAAA
ATGAATTAAATTATATATA-A-ATATATATATATATATATAT----------------------GCAATATTTAATTATCTAAACTTAAATGAATAAA--TATATATAAATT-ATATATATATATATATAT----------------------GCAATTTTTAATTATCTAAATTTA-ATGAATAAA--TATATATAAATT-ATATATATATATATATAT----------------------GCAATTTTTAATTATCTAAATTTA-ATGAATAAA--TATATATAAATATATATA--T--ATATATAT-------GCAAA--ATTT-AAT-T-A-TTTAAATA-TTT-A-A--ACT
ATGAATATAAATATATATAAATATATATATATATATATACAT---------------------------AAGTACATATATAAATTTA-ATGAATAAA--TATATATAAATA-ATATATATATATATATAT----------------------GCAATTTTTAATTATTTAAATTAAAA
280
290
300
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4
JW26T4
JW32T4
JW82T4
JW96T4
JW97T4
JW103T4
JW161T4
JW193T4

-TT-ATTAT-------TTTTAAACTTTTATTACTAATT--T-TAAT---------TA----TTTTAAA--AAAA--AATATATTT--TTATTAAAAATT---TAACTA--AATTATTATTAATAATTCATTTAAAGGAAAGGAATATCAATTTATATTAAA--ATATTTAAATCAATTA
ATTAATTTT-----AAT--A-AAATTA-TTTACTAATT--T-TATT---------TA----TTAAAAT--AG--TT---ATA-T----T-TTTATTTA-----A-TAATAAAAATTTATTACTAATT--T-TTAT---------TA----TTAAATA--TATTTTACAATAATA--TT-TTTTTTTT----CACTTTATAAACTAATTTACTATTT--A-TAAT---------TA----TTAATATTTAAATTTT--ATAAT---AT-TTTTTTTT----CAATTTATAAACTAATTTACTATTT--A-TAAT---------TA----TTAATATTTAAATTTT--ATAAT---GTATTAAT--TT---TAA--A--AATT-T-ATTACTAATT--TT-AAT---------TA-C--T--A-AC-AAA-AA-A---AA-TCAATT--TATTTAT-------------AAATATAATACTAATT--T-TAAT---------TA----TTTAAAT---AAATTA--ATTATTAAATATTAATTTTAATATAATT-AAAAATTAATTTTAATATA--ATTATT---------TA----CTAATTTTATTTATTTAAATAATTATATCSB I
370
380
390
400
410
420
430
440
450
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4
JW26T4
JW32T4
JW82T4
JW96T4
JW97T4
JW103T4
JW161T4
JW193T4

-TTAAAAAAAAAAATTTTTATAAAAAAA---TTACTATAA---AG----------------------AAT-A----AAA-AAAAAAAAAA
ATACTAATTTAAATT-ATTAAAATTATTAAAT-TATTTAACTAAATAACTTAACGATTTTTTTAAAAAATAAGTATAAAGAAAAAAAAAA
--ACTTT-TTAAA-AAATTA-AACTAAT---TTT-T-TAA---AA-AATTTGT----------A--TAAAGA----AAA-AAAAAAAAAA
-TAAAAAA-TAAAATTATGCAAAAAATA---TTACTATAA---AATAA---A---------------AACAA----AAA-AAAAAAAAAA
-TATTTTATTTAATAAATTACAAAAAAA---TTACTATAA---AATAAAAC----------------AAAAA----AA---AAAAAAAAA
-TATTTTATTTAATAAATCACAAAAAAA---TTACTATAA---AATAAAACAA--------------AAAAA----AA---AAAAAAAAA
-TA--A-TTTAAA-A-ATTTAAA--ACT---T-TAT--AA--AAA-AA-TTA-CTAT------AAAGAATAA--A-AAA-AAAAAAAAAA
-TAAATAATTTTACAATTAATAAAAAAA---TAAGTATAA---AG-----------------------AAAA----AA----AAAAAAAA
-TACTTT-TTAAA-AAATTA-AACTAAT---TTT-T-TAA---AA-AATTTGT----------A--TAAAGA----AG---AAAAAAAAA
CSB I
460
470
480
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4
JW26T4
JW32T4
JW82T4
JW96T4
JW97T4
JW103T4
JW161T4
JW193T4

AAAAAC------ATGAGAATCCT-ACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AAAAAAAAAGACATGAGAAACCT-ACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AAAAAAGA---CATGGAAATGCT-ATTGTTAATGAATTGCCTGATAAAAAGGATTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AAAAAA-----GATAGCAATCCT-ACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AAAAAACA---CATGGAAATCTT-ACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AAAAAAAA---CATGGGAATCTT-ACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AAAAAA-----CATGAGAATCTT-ACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AAAAAACA---CATGGGAATCCT-ACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AAAAAAAA---CATGGAAATACT-ATTGTTAATGAATTGCCTGATAAAAAGGATTACCTTGATAGGGTAAATTATGTAATAATATTACAT

Figure 30: Nucleotide alignment of consensus sequence of nine Australian Chrysomya blowflies
Target 4 amplicon. Conserved sequence blocks are indicated with black lines.
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3.5.9 Length variation of Target 4
Homopolymer runs of adenine were detected in the centre of all of the Target 4 fragments
for all blowflies. Homopolymer length heteroplasmy is particularly evident in Ch.
nigripes JW82 clone JW82T4.4, where there is a 19 adenine base stretch indel between
bases 367-385, preceded by a C indel at base 366. However smaller size variation is more
common, with point indels the most frequently observed source of length variation (See
Fig 31 below and App 15).
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AAAAACAAAAAAAAAAAAAAAAAAAAAGATAGCAATCCTACTTTTAATGAATTGCCTGAT
AAAAACAAAAAAAAAAAAAAAAAAAAAGATAGCAATCCTACTTTTAATGAATTGCCTGAT
AAAAA--------------------AAGATGGCAATCCTACTTTTAATGAATTGCCTGAT

JW82T4.1
JW82T4.2
JW82T4.4

AAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACACTCATTATTAATTATA
AAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATA
AAAAAGGGTTA---------------TCATGTAATAATATTACATTCATTATTAATTATA

430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

Fig 31: Nucleotide alignment of Ch. nigripes (JW82) clones JW82T4.1, JW82T4.2 and JW82T4.4 from a Target
4 amplicon. Clone JW82T4.4 demonstrates a Cytosine deletion at base 366, length heteroplasmy due to an
Adesine homopolymer run between bases 367-385, a base substitution A->G at base 391, deletion of basea 432446. Clone JW82T4.1 demonstrates a base substitution C->T at base 465. AT tandem repeats between bases
210-233 and a single base substitution Adesine to Thymidine at base 189.

Dinucleotide (AT) repeats were observed between clones from single individuals.
Variation in the number of short tandem repeats usually occurred at the 5’ end of the
Target 4 fragment. For example, Ch nigripes (JW82) contained twelve additional AT
repeats at base 210 (see Fig 29). Smaller repeats of AT bases were also seen in Ch.
semimetallica (JW32) and Ch. flavifrons (JW103) (See Fig 32 below and App 15).
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190
200
210
220
230
240
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250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TTAATTATCTAAACTTAATTTATTTA-ATAATAAAAATTTATTACTAATTTTTATTATTA
TTAATTATCTAAACTTAATTTATTTA-ATAATAAAAATTTATTACTAATTTTTATTATTA
TTAATTATCTAAACCTAATTTATTTTTACTATAAAAATTTGTTACTAATTTTTATTATTA

Fig 32: Nucleotide alignment of Ch. nigripes (JW82) clones JW82T4.1, JW82T4.2 and JW82T4.4 from a Target
4 amplicon. Clone JW82T4.4 demonstrates length heteroplasmy due to AT trandem repeats between bases 210233 and a single base substitutions at base 189 (A->T), 255 (T->C), 266 (A->T), 269 (T->C), 270 (A-T) and 281
(A->G). This clone also demonstrates a deletion of a Thymidine base at position 267.

Point substitutions were common throughout the Target 4 fragment, and were seen when
all nine species of Chrysomya were compared (see Table 5 below and Fig 30).

Table 5: Intraindividual variation within nine species of Chrysomya blowflies Target 4.
Species

tRNAIle

tRNAGln

tRNAMet

Polyadenine

Dinucleotide

Point

gene

gene

gene

variation

Repeats

Substitutions



Indels

Size
(bp)

JW96

Ch. saffranea











JW97

Ch. megacephala









JW32

Ch. semimetallica









JW13

Ch. varipes











JW26

Ch. incisuralis













751

JW82

Ch. nigripes















706

JW103

Ch. flavifrons















751

JW161

Ch. rufifacies











644

JW193

Ch. latifrons











682






682
682



684
666

The above results clearly identify that the difficulties in the direct sequencing of both
Target 3 and Target 4 amplicons were due to the high level of intraindividual variation
present in each species of Chrysomya blowfly. Nevertheless, this does not mean that the
Chrysomya control region does not contain sufficient variation to be used as an
identification tool. This latter possibility will be assessed through phylogenetic analysis.
Target 3 will be the primary focus for this assessment due to the following factors; Target
3 is the shorter in length of both targets, allowing for complete forward and reverse
sequence reads from a single reaction; there is a greater incidence of variation due to
short tandem repeats, homopolymer runs and indels; and most importantly this target area
may or may not contain the duplicate tRNAIle gene and/or partially duplicated tRNAGln
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pseudogene. Because the Target 4 region was longer, complete forward and reverse reads
were more difficult to obtain. There was also less variation in the Target 4 region making
its usefulness as an identification tool less likely.

3.6 Phylogenetic Analysis
Two different alignment approaches were used so that the analysis was not reliant on any
one particular method. The two alignment approaches used were the ‘all-at-once’
alignment (all sequences aligned simultaneously) and the ‘species first’ alignment (clones
from the same species aligned first, then all sequences aligned together). For the same
reason, two different methods of phylogenetic analysis were carried out; Neighbour
Joining (NJ) and Maximum Parsimony (MP).

3.6.1 Neighbour-Joining Analysis
The NJ tree from the ‘all-at-once’ alignment is shown in Appendix 19. All Chrysomya
species were resolved as reciprocally monophyletic with high bootstrap support (>85%).
Most species had bootstrap support of 99%-100%. This is expected as the samples from
each species are from the same individual. However support for JW82 (Ch. nigripes)
was lower at 85%.

The NJ tree from the ‘species first’ alignment (see Appendix 19) similarly resolved all
species as reciprocally monophyletic groups with high bootstrap support (most at 100%).
Again, an exception was JW82 (Ch. nigripes at 79%).

The branching of species was consistent with that found in the ‘all at once’ NJ alignment;
a clade consisting of Ch. nigripes, Ch. varipes and Ch. flavifrons, sister relationships
between Ch. semimetallica and Ch. latifrons as well as between Ch. megacephala and
Ch. saffranea and the separation of Ch. incisuralis and Ch. rufifacies from the rest of the
phylogenetic tree.
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3.6.2 Maximum Parsimony Analysis
The MP tree from the ‘all-at-once’ alignment is shown in Appendix 20. 351 trees of 718
steps were found, the strict consensus is shown. All of the Chrysomya species were well
recovered as reciprocally monophyletic groups, with bootstrap support of 99-100%.

MP analysis of the ‘species first’ alignment produced 216 trees of 779 steps; the strict
consensus is shown in Appendix 20. Again, all species were monophyletic groups with
high bootstrap support [over 96%, with the exception of JW97 (Ch. megacephala)].

In summary, all four analyses consistently recover each species as a monophyletic group,
however, it is important to remember that each of the sequences used here are derived
from the same individual. This is preliminary evidence that the mitochondrial control
region may be useful for species identification – an unknown would be expected to
cluster with other members of the same species. The analyses therefore only indicate that
intraindividual variation does not preclude the use of the mitochondrial control region for
species identification.

Nevertheless, broader sampling of multiple individuals and

populations of the various Chrysomya species is warranted before the utility of the
mitochondrial control region can be fully assessed.
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CHAPTER 4 – DISCUSSION and CONCLUSIONS
4.1 Introduction
The purpose of the present study was to assess the usefulness of the mtDNA control region
for the identification of Australian Chrysomya species. The control region was chosen as it
is generally the most variable region of the mitochondrial genome. However, it was found
that the level of variation in these Chrysomya was extremely high, with sequences varying
substantially within an individual. Below I discuss this variation.

4.2 Amplification of the mtDNA Control Region of
Australian Chrysomya blowflies
Universal insect primers SR-J-14612 and C1-N-1560 (Simon et al. 1994) were used to
amplify the entire length of the control region and surrounding genes of nine species of
Australian Chrysomya blowflies. A nested amplification using Chysomya specific primers
N2-N-327 and SR-J-14941 (Oliveira et al. 2006) was used in conjunction with CMEG-A and
CMEG-AR (Lessinger et al. 2004) (based on the Chrysomya megacephala control region
sequence), to amplify the control region and flanking genes of the Chrysomya specimens.

The existence of heteroplasmy in the control region of Chrysomya blowflies was suggested
from the combination of multiple bands from the direct amplifications and poor sequencing
results.

4.2.1 Cloning confirms the existence of heteroplasmy in Australian
Chrysomya
The mtDNA control region of all nine Australian Chrysomya blowflies examined in this
study displayed intraindividual heteroplasmy (approximately 30%). This was due to varying
copy numbers of short tandem repeats, homopolymer runs (poly-adenine and polythymidine) and indels in both the Target 3 and Target 4 regions.
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In addition to these factors, length variation was also observed between species, and was due
to the presence or absence of the duplicate tRNAIle gene and/or partially duplicated tRNAGln
pseudogene in the Target 3 region.

These preliminary findings indicate that there may be enough variation between the blowfly
species (from polynucleotide runs and differing copy numbers of tandem repeats and indels)
to separate and identify the Chrysomya blowflies at a species level. However, the sequencing
of additional individuals of each Chrysomya species would be required to determine more
precisely the level of variation between blowfly species.

4.2.2 Heteroplasmy in the Control Region of Australian Chrysomya
The control region of invertebrates poses difficulties for phylogenetic analysis due to the
high A+T content of the region which is characterised by a lack of coding and
hypervariability (Simon et al. 1994).

Length variations between closely related taxa have been found to be mainly due to tandem
repeats in the control region, with smaller indels being a minor contributing factor.
Variation in the copy number of tandem repeats within an individual result in mtDNA
molecules of different sizes, and this is known as length heteroplasmy. Invertebrates tend to
have larger sizes and higher copy numbers of tandem repeats, producing heteroplasmy at
very high frequency in some invertebrate populations (Zhang and Hewitt 1997).

The frequency of heteroplasmy in a population is a function of the mutation rate (which
produces new size variants) and genetic drift (which removes or fixes new variants) (Zhang
and Hewitt 1997). Heteroplasmy occurs when the rate of appearance of new size variants is
greater than the rate of removal/fixation.

Extreme length variability and heteroplasmy has been reported in the control region of
Drosophila melanogaster. Restriction enzyme analysis indicated size variation and
heteroplasmy existed in a study of 92 isofemale lines of Drosphila melanogaster (Hale and
Singh 1986). 17 of the 92 specimens exhibiting length heteroplasmy, 16 carrying two size
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variant mtDNAs and one carrying a single size variant mtDNA. The main size variant
(18.6kb) was the most common type in both the homoplasmic and heteroplasmic lines. A
comparison of previously published restriction maps determined that all size variants
mapped to the A+T rich region of the mtDNA molecule. The study hypothesised that the
length heteroplasmy was due to DNA duplications of a variable length during replication
(Hale and Singh 1986).

Rand and Harrison (1989) analysed the mtDNA size variation between two isofemale lines
of crickets (Gryllus firmus). Two different sized mtDNA molecules were sequenced and
analysed to determine the molecular basis and the location of the variation. Length variation
due to tandem repetition of sequences of up to 220 base pairs in the mtDNA between the two
isofemale lines was demonstrated, one line containing two of the 220 bp repeats and the
other containing three repeats of the same unit. Under the assumption that the mitochondrial
gene organisation for crickets is similar to flies, the size variation was mapped to the A+T
rich region of Drosophila.

Tandem repetition was also a contributing factor to variation in the size of the mtDNA
control region of Chrysomya blowflies in the research presented here. Size variation in the
Chrysomya blowflies was also due to homopolymer runs, tandem repetition of dinucleotide
repeates, duplicated genes, indels and pseudogenes.

Snäll et al. (2002) demonstrated length variation due to tandem repeats in the autumnal moth
Epirrita autumnata (Lepidoptera: Geometridae). Intraspecific variation was detected within
the mtDNA control region clones of the same individual. Length variation at the 3’ end of
the control region was due to tandem repeats of array units (29-bp, two different 28-bp units
and a 16-bp unit), indels embedded in homopolymer runs and dinucleotide repeats. Length
variation at an interspecific level from clones of the same individual of Chrysomya species
was presented in this research as a result of homopolymer runs, dinucleotide repeats and
indels. Snäll et al. (2002) concluded that length heteroplasmy may be present, however
sequencing artefacts may be responsible as DNA polymerase may fail to extend repetitive
sequence blocks.
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Artefactual length variation, introduced during amplification with Taq polymerase and
proofreading polymerase Pfu was examined by Clarke et al. (2001). A stretch of 26 adenine
nucleotides in intron 5 of the hMSH2 gene (Bat-26), was amplified from genomic DNA, this
resulted in the Bat-26 poly A stretch ranging in length from 19 to 28 base pairs. Sequencing
of cloned samples revealed that only 35% of the samples containing the predicted number of
adenine bases, suggesting that a polymerase error had taken place during the PCR reaction
specific to the mononucleotide repeat. Further research amplified and cloned a 21 base pair
monothymidine tract (T)21of the hMLH1 intron 11 splice acceptor site (Bat-21) together with
adjacent dinucleotide repeat (TA)11, a (T)13 monothymidine tract from the gene hMSH2 (Bat13), and intron 4 of the human RAC1 gene containing (T)9 and (T)11 monothymidine repeats.
These studies showed the limitations of correct amplification of the correct number of
thymidines at (T)11, the (T)21 showing repeated contraction. The study concluded that there
was a high error rate in monoadenosine/monothymidine and dinucleotide repeats; the longer
the repeat, the more errors were made during amplification. Using high fidelity Pfu reduced
errors only in short monothymidine repeats. It further added that contraction of the repeat
was the most common of the errors and was due to slipped strand mispairing.

In the study presented here, length heteroplasmy was mainly surrounding long
monoadenosine/monothymidine and dinucleotide repeats, and the Promega Taq polymerase
was not high fidelity, therefore PCR polymerase artefact may contribute to the length
variation observed in the present study.

4.3 Organisation of the Australian Chrysomya mtDNA
control region and surrounding genes
4.3.1 Presence of the IQM gene cluster
The gene arrangements surrounding the mtDNA control region of Drosophila yakuba
were described by Clary and Wolsetenholme (1985). This arrangement consisted of an
IQM gene cluster (tRNAIle, tRNAGln and tRNAMet) lying adjacent to the A+T control
region (harbouring the origin of replication site), which is then flanked at the other end by
the 12S gene. A review of the structure of the dipteran mitochondrial control region by

88

Zhang and Hewitt (1997) agrees with the previously described IQM gene arrangement.
The IQM gene cluster (Lessinger et al. 2004) was identified in all nine species of
Chrysomya blowflies sequenced in this study (see Fig. 27).

Cameron et al. (2006) sequenced the entire genomes of C. duplonotata, T. punctata and
S. grandicornis providing additional representation of dipteran clades, ‘aschiza’, nonheteroneuran muscomorpha and ‘basal brachyceran in a review the mtDNA genomes in
four Dipteran families. Each of the three genomes has the primitive ancrustacean mt
genome arrangement as described by Boore (1999). Cameron et al. (2006) established
that a broad range of Diptera retain the IQM arrangement of tRNA genes adjacent to the
control region. Spurious tRNAs were detected in the AT-rich regions (putative control
region and origin of replication) of each species, thought to be of random sequence
capable of folding into clover-leaf structures similar to real tRNAs. Analysis of the tRNA
genes of all dipteran sequences confirmed a range of traditionally accepted relationships
within the drosophilids.

However, there was some disagreement, with the tRNA

topology placing the syrphids, tabanids and nemestrinids in unexpected positions. It is
possible that the tRNA genes are simply not variable enough to accurately illustrate midlevel dipteran relationships on their own (Cameron et al. 2006).

Intraindividual variation due to point mutations, insertions and deletions were located in
the tRNAIle genes of the IQM gene cluster. A large 15 nucleotide deletion was found to
occur in the middle of the tRNAIle Ch. nigripes (JW82) clone JW82T4.4. This deletion
includes the anticodon loop, which would almost certainly cause the gene to be nonfunctional (see Appendix 15). Single base substitutions within the tRNAIle gene would
disrupt base-pairing in the aminoacyl acceptor stem, but may not effect the functionality
of the gene (see Appendix 21 and 22, clone JW82T4.1 and JW82T4.2). However, it
remains to be established whether this variation is biological or was introduced during
amplification.
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4.3.2 Duplicated tRNA genes and tRNA pseudogenes
Lessinger et al. (2004) confirmed that the IQM gene arrangement existed in Chrysomya
species. However Ch. chloropyga, Ch. megacephala and Ch. albiceps had different
arrangements, where duplicate tRNAIle genes as well as a partially duplicated tRNAGln
pseudogenes were located between the 12S gene and the A+T rich control region. The
results from this study confirm the gene rearrangements described by Lessinger et al.
(2004).

Seven out of nine species of Chrysomya species examined in this study contained
additional tRNA genes located between the 12S gene and the A+T rich control region.
The duplicate tRNAIle gene and partially duplicated tRNAGln pseudogenes were observed
in Ch.

incisuralis

(JW26), Ch. saffranea (JW96), Ch. megacephala (JW97), Ch.

rufifacies (JW161) and Ch. flavifrons JW103), and Ch. nigripes (JW82).
Ch. varipes (JW13) contained only a partial duplicate of the tRNAIle gene and did not
contain a copy of the tRNAGln pseusdogene, which could suggest that the tRNAIle gene is
degenerating and in the process of being removed from the mtDNA genome by
mutational pressure. The sister species Ch. semimetallica (JW32) and Ch. latifrons
(JW193) share similar genetic and morphological characteristics, with neither species
containing duplicate tRNA genes.

The high frequency of tRNA gene rearrangements in vertebrates and invertebrates is
thought to be associated with the stem and loop structure of these genes. The enzyme
initiating light-strand replication is possibly signalled by the stem and loop structure,
which could account for gene rearrangements and tandem duplications often starting and
ending at tRNA genes (Macey et al. 1997).

Tandem duplications of tRNA genes have been observed in the mtDNA genome of
Cnemidophorus (lizards). Seven species were investigated using restriction endonuclease
digestion and genetic mapping, highlightling that the duplications encountered in mtDNA
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sequences occurred at or near tRNA genes, and was a result of direct tandem duplications
(Moritz and Brown 1987).

The duplication-random loss model has been exhibited in plethodontid (lungless
salamander) mtDNA genomes. In this model, a genome containing at least two genes is
duplicated, one of the genes losing function and eventually becoming a pseudogene. The
pseudogene may show degradation and this non-functional gene is eventually removed
from the genome as it is no longer maintained by natural selection. The pattern of gene
loss then determines whether the original gene arrangement is either restored or altered
(Mueller and Boore 2005).

The presence of duplicate tRNA genes surrounding the mtDNA control region in
invertebrates has not been limited to Calliphoridae, but has also been reported in
Muscidae, where the stable fly Stomoxys calcitrans demonstrated the same unusual
feature (Oliveira 2007). It was suggested that the duplication was the result of tandem
duplication of the entire control region including the tRNAIle gene, with subsequent
deletions of all other sequence, yet conserving the additional tRNA gene. It is unknown
whether the additional tRNAIle genes have functional properties or if the duplicate is
maintained in the genome by gene conversion or structural constraints.

4.3.3 Tracing the history of gene rearrangement in Chrysomya
A comparison of the phylogeny from this research (see Fig. 23) and the combined data
set as described by Nelson et al. (2008) enables the investigation of the history of gene
rearrangement in the Chrysomya genus.
The absence of the duplicated tRNAIle gene and tRNAGln psueudogenes for Ch.
semimetallica and Ch. latifrons suggests that the duplication event occurred prior to the
diversification of Chrysomya. Both Ch. semimetallica and Ch. latifrons are nested within
the Chrysomya genus (Nelson et al. 2007). The alternative hypothesis, that duplication
occurred in the common ancestor of the remaining Chrysomya, would require that Ch.
semimetallica and Ch. latifrons are the sisters to the remaining Chrysomya.

This
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arrangement is inconsistent with the phylogeny presented by Nelson et al. (2007).
Instead, a more parsimonious explanation is that the duplicated genes have been
eliminated from the mitochondrial genomes of Ch. semimetallica and Ch. latifrons. This
suggests that the duplicated genes are a relatively stable feature of the Chrysomya
mitochondrial genome (Lessinger et al. 2004), but that there are exceptions to this.

The loss of just one of the two duplicated tRNA genes in Ch. varipes appears to be an
independent evolutionary event.

Ch. varipes is not in the sister group to Ch.

semimetallica and Ch. latifrons. This suggests that the loss of the tRNAGln gene occurred
independently in Ch. varipes. Together, these observations suggests that a portion of the
IQM cluster (including the tRNAIle and tRNAGln) was duplicated before the
diversification of the Chrysomya species, and the duplicated genes have been or are in the
process of being excised from the mtDNA genome.
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Fig 22: Schematic diagrams of gene arrangements of the mtDNA control region of Australian
Chrysomya blowflies. tRNAIle* indicates that the gene is a partial gene – there is a substitution at base
106 (G-A) and a deletion of the last seven bases. tRNAGln* indicates the partially duplicated tRNAGln
pseudogene. The size of the fragment (bp) is the combination of Target 3 and Target 4, which
includes the control region and surrounding genes.
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4.3.4 Conserved Sequence Blocks in the Control Region of
Australian Chrysomya
Eight conserved sequence blocks (CSBs) have been previously described in the mtDNA
control region of several myiasis-causing flies; Cochliomyia hominivorax, Cochliomyia
macellaria, Chrysomya megacephala, Lucilia eximia and Dermatobis hominis (Lessinger
and Azeredo-Espin 2000). Further investigation by Lessinger et al. (2004) located the
same CSBs in several species of Chrysomya; Ch. chloropyga, Ch. megacephala, Ch.
albiceps, and suggested that they may play a role in mtDNA replication/transcription
processes.

Seven CSBs (with the exception of CSB V, which corresponds to the CMEG-A and
CMEG-AR primer annealing site) were located in all of the nine Australian Chrysomya
species examined. Sequence data from the Target 4 amplicons revealed CSBI, CSBII,
CSBIII, and CSBIV, Target 3 amplicons containing CSBVI, CSBVII and CSBVIII.
CSBVI was the largest of the conserved sequence blocks identified. CSBVIII was
identified to contain a large poly-thymidine stretch in agreement with the research by
Lessinger and Azeredo-Espins (2000), conserved G/C sites were located in each of
CSBII, CSB V and CSBVI and CSBVII. CSBVII also contained a G+A rich conserved
element. These results support the hypothesis that the CSB feature is conserved in the
Chrysomya species, as it appears in all of the nine Australian Chrysomya blowflies
examined in this study.

Oliveira et al. (2007) identified seven conserved sequence blocks in other dipterans from
the family Muscidae (Brachycera: Calyptratae), Haematobia irritans, Musca domestica,
Atherigona orientalis and Stomoxys calcitrans (CSB III being absent in the Muscidae
species). CSB I and VIII have been identified as a being a feature of the the dipteran
suborder Brachycera, which correspond to brachyceran conserved regions (BCRs) BCR I
and BCR II. The presence of these conserved regions in Muscidae, Calliphoridae,
Oestridae and Drosphilidae may indicate the functionality of these conserved
characteristics (Oliveira et al. 2007).
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4.4 Phylogenetic Analysis and the Identification of the
Australian Chrysomya blowflies
Several mtDNA genes have been used to explore the molecular identification of blowflies
(Diptera: Calliphoridae) and their evolutionary relationships. Wallman et al. (2005)
investigated mtDNA genes COI, COII, ND4 and ND4L and their usefulness for
identification of Australian carrion-breeding blowflies. Of the nine Chrysomya species
examined in their study, the combination of the four genes was found to reliably identify
most species, and highlighted close relationships between Ch. semimetallica and Ch.
latifrons. Sister relationships were also identified with; Ch. rufifacies and Ch. incisuralis
as well as Ch. varipes and Ch. flavifrons .Ch. saffranea, Ch. megacephala and Ch.
nigripes branch as a clade, Ch. saffranea and Ch. megacephala having a close sister
relationship with strong support.

The utility of the mtDNA cytochrome oxidase (COI) barcode sequence for the
identification of the genus Chrysomya was investigated by Nelson et al. (2007). The COI
barcode was found to adequately identify Chrysomya species from the East Coast of
Australia, successfully overcoming low COI divergence between some sister species.
Additional information from the second ribosomal internal transcribed spacer ITS2 was
found useful to assist in the identification of four Ch. semimetallica specimens which had
been incorrectly identified as the morphologically similar sister species Ch. latifrons.
ITS2 sequence analysis also assisted in the identification of a hybrid Chrysomya
specimen morphologically identified as Ch. saffranea, but recovered with Ch.
megacephala specimens based on COI data. ITS2 sequence analysis of this specimen was
the same as five of seven other Ch. saffranea specimens analysed, but varied from Ch.
megacephala ITS2 by two base changes and three indels. The morphological and
molecular analysis of this specimen suggested that the hybrid specimen was a result of a
mating between a female Ch. megacephala and a male Ch. saffranea.

The resultant phylogenetic relationships described by Nelson et al. (2007) were similar to
that reported by Wallman et al. (2005), again identifying close relationships between Ch.
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varipes and Ch. flavifrons, Ch. semimetallica and Ch. latifrons, Ch. rufifacies and Ch.
incisuralis. A clade consisting of Ch. saffranea, Ch. megacephala and Ch. nigripes was
identified with strong support between sister species Ch. saffranea and Ch. megacephala.

Further examination of the ITS2 region by Nelson et al. (2008) revealed inconsistency in
the phylogenetic relationship of Ch. nigripes to previously reported works by Wallman et
al. (2005) and Nelson et al. (2007). Relationships between Ch. varipes and Ch. flavifrons,
Ch. semimetallica and Ch. latifrons, Ch. saffranea and Ch. megacephala were again
confirmed, however analysis of the ITS2 phylogenetic data placed Ch. nigripes in a clade
with Ch. rufifacies and Ch. incisuralis.

A combined analysis incorporating the mitochondrial dataset (ND4-ND4L, COI and
COII sequences) described by Wallman et al. (2005) and ITS2 sequence data of Nelson
et al. (2008) was used to further investigate the phylogenetic relationships of the genus
Chrysomya. The combination of the mitochondrial and nuclear sequence data would also
be able to further investigate conflicting sister relationships of Ch. nigripes (Wallman et
al. 2005, and Nelson et al. 2007). The close phylogenetic relationships of Ch.
semimetallica and Ch. latifrons, Ch. saffranea and Ch. megacephala and Ch. rufifacies
and Ch. incisuralis were again confirmed. The combined data set placed Ch. nigripes in
a clade with Ch. varipes and Ch. flavifrons (Nelson et al. 2008).

Phylogenetic analysis was performed on the Target 3 amplicon data generated in this
study (as described in Chapter 5). Two alignment approaches were used (‘all-at-once’
and ‘species first’) and two different methods of phylogenetic analysis were used
[Neighbour Joining (NJ) and Maximum Parsimony (MP)], so that the analysis was not
reliant on any one particular method. Individual clones from each species of Chrysomya
were consistently recovered as a monophyletic group, which has positive implications for
its use as a tool for species identification (see Appendices 19 and 20). Phylogenetic
analysis also assisted in differentiating between the Chrysomya species and their
evolutionary relationships, and supported the phylogenetic relationships of the combined
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mitochondrial dataset (ND4-ND4L, COI and COII sequences) by Wallman et al. (2005)
and ITS2 sequence data Nelson et al. (2008).

The research presented in this study reports that the parsimony tree resolved all
Chrysomya species with bootstrap proportions over 99% (see Fig. 23), supporting the
grouping of sister species which was also supported in the neighbour joining approach,
and the separation of Ch. incisuralis and Ch. rufifacies from the rest of the Chrysomya
species.

Strong posterior support 100% validates the relationships between sister species based on
the Bayesian analysis of ITS2 sequences described by Nelson et al. (2008) between Ch.
semimetallica and Ch. latifrons as well as between Ch. megacephala and Ch. saffranea.

Phylogenetic analysis of the mtDNA control region Target 3 amplicon resulted in Ch.
nigripes being placed in a clade consisting of Ch. nigripes, Ch. varipes and Ch.
flavifrons, with strong support at 98%, (see Appendix 19 Neighbour Joining Approach –
All at Once Alignment), which also supports the findings described by the combined data
set as described by Nelson et al. (2008).
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Fig 23: Likely relationships among Australian members of the genus Chrysomya species based on
Maximum Parsimony ‘All at Once’ alignment analysis of Target 3 mtDNA control region.
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4.5 Conclusions
This study
1. Established that the mitochondrial control region is heteroplasmic in Australian
Chrysomya species. Intraindividual heteroplasmy (approximately 30%) was found
to be due to varying copy numbers of short tandem repeats, homopolymer runs
(poly-adenine and poly-thymidine), indels and length variation due to the
presence or absence of the duplicate tRNAIle gene and/or partially duplicated
tRNAGln pseudogene.
2. That a duplication of the tRNAIle and tRNAGln occurred in the common ancestor
of Australian Chrysomya, but that the duplicates are in the process of being
removed. This appears to be independently occurring in Ch. varipes, Ch. latifrons
and Ch. semimetallica.

3. A number of CSBs can be indentified in the control region of Australian
Chrysomya CSBI, CSBII, CSBIII, CSBIV, CSBVI, CSBVII and CSBVIII. (CSB
V corresponding to the CMEG-A and CMEG-AR annealing site).

4. Preliminary phylogenetic analyses indicate that the control region is potentially
useful for the identification of Australian Chrysomya. However, the presence of
heteroplasmy makes the routine use of this region impractical, due to the need to
clone amplification products prior to sequencing. Other regions, such as COI or
ITS2 appear less problematic.
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Appendix 1- JW96 Ch. saffranea (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

TACAATCAAATTAAAAATAATAATAAAAATAAATTTTTAATATATTTATAATAAATAAAT
TACAATCAAATTAAAAATAATAATAAAAATAAATTTTTAATATATTTATAATAAATAAAT
TACAATCAAATTAAAAATAATAATAAAAATAAATTTTTAATATATTTATAATAAATAAAT
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

AAAATTAGTAAACATGGAAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTT
AAAATTAGTAAACATGGAAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTT
AAAATTAGTAAACATGGAAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTT
tRNAGln (pseudo)

tRNAIle

130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

GATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAA
GATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAA
GATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAA
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

CTATTTCTAAATAATTATAAATTGGTAAATACTACTGTTACAAATAAAATACCATGTATT
CTATTTCTAAATAATTATAAATTGGTAAATACTCCTGTTACAAATAAAACACCATGTATT
CTATTTCTAAATAATTATAAATTGGTAAATACTCCTGTTACAAATAAAATACCATGTATT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

ATTTTATATGCACATTATACTATCACCTACAATAATATATATATGTATATTTATACATTT
ATTTTATATGCACATTATACTATCCCCTACAATAATATATATATGTATATTTATACATTT
ATTTTATATGCACATTATACTATCCCCTACAATAATATATATATGTATATTTATACATTT
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

ATTAAAAATTAAATAAAATAAAACATAAAAATTAAAAATAATAAAAATAACAAAAATTAG
ATTAAAAATTAAATAAAATAAAACATAAAAATTAAAAATAATAAAAATAACAAAAATTAG
ATTAAAAATTAAATAAAATAAAACATAAAAATTAAAAATAATAAAAATAACAAAAATTAG
CSB VIII
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

TATAATTTATTAATTTATAATTGATTTTTCATAG-TTTTTTTTTTTTTTTTTTTATTATA
TATAATTTATTAATTTATAATTGATTTTTCATAGTTTTTTTTTTTTTTTTTTTTATTATA
TATAATTTATTAATTTATAATTGATTTTTCATAG-TTTTTTTTTTTTTTTTTTTATTATA
CSB VII
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

T-AAAAAAAAATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAAGCGT
TAAAAAAAAAATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAAGCGT
TAAAAAAAAAATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAAGCGT
CSB VI
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T3A3
JW96T3A5
JW96T3A6

GCAAAAATTTATTTTTGGTCTATATACCAAATAAAATTAATAGATATCTATTAATATATA
GCAAAAATTTATTTTTGGTCTATATACCAAATAAAATTAATAGATATCTATTAATATATA
GCAAAAATTTATTTTTGGTCTATATACCAAATAAAATTAATAGATATCTATTAATATATA
CSB VI
550
560
570
580
590
....|....|....|....|....|....|....|....|....|....|...

JW96T3A3
JW96T3A5
JW96T3A6

AATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAAAAAAAATTTA
AATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAAAAAAAATTTA
AATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAAAAAAAATTTA
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Appendix 2 - JW97 Ch. megacephala (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

TACAATAAAATTAAAAATAATAATAAAAATAAATTTTTAATATATTTATAATAAATAAAT
TACAATAAAATTAAAAATAATAATAAAAATAAATTTTTAATATATTTATAATAAATAAAT
TACAATAAAATTAAAAATAATAATAAAAATAAATTTTTAATATATTTATAATAAATAAAT
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

AAAATTAGTAAACATGGGAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTT
AAAATTAGTAAACATGGGAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTT
AAAATTAGTAAACATGGGAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTT
tRNAGln (pseudo)

tRNAIle

130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

GATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAA
GATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAA
GATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAA
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

CTATTTCTAAATAATTATAAATTGGTAAATACTCCTGTTACAAATAAAATACCATGTATT
CTATTTCTAAATAATTATAAATTGGTAAATACTCCTGTTACAAATAAAATACCATGTATT
CTATTTCTAAATAATTATAAATTGGTAAATACTCCTGTTACAAATAAAATACCATGTATT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

ATTTTATATGCATATTATATTATCCCCTACAATAATATATATATATATATATTTATACAT
ATTTTATATGCATATTATATTATCCCCTACAATAATATATATATAT------TTATACAT
ATTTTATATGCATATTATATTATCCCCTACAATAATATATATATATATAT--TTATACAT
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

TTATTAAAAATTAAATAAAATAAAACATAAAAATTAAAAATAATAAAAATAACAAAAATT
TTATTAAAAATTAAATAAAATAAAACATAAAAATTAAAAATAATAAAAATAACAAAAATT
TTATTAAAAATTAAATAAAATAAAACATAAAAATTAAAAATAATAAAAATAACAAAAATT
CSB VIII
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

AGTATAATTTATTAATTTATAATTGATTTTTCATAGTTTTTTTTTTTTTTTTTTTATTTA
AGTATAATTTATTAATTTATAATTGATTTTTCATAGTTTTTTTTTTCTTTTTT--ATTTA
AGTATAATTTATTAATTTATAATTGATTTTTCATAGTTTTTTTTTTTTTTTTTT-ATTTA
CSB VII
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

TATATATAAAAAAAATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAA
TATATATAAAAAAAATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAA
TATATATAAAAAAAATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAA
CSB VI
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T3G6
JW97T3G3
JW97T3G4

GCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAAATTAATAGATATCTATTAATA
GCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAAATTAATAGATATCTATTAATA
GCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAAATTAATAGATATCTATTAATA
CSB VI
550
560
570
580
590
....|....|....|....|....|....|....|....|....|....|....|..

JW97T3G6
JW97T3G3
JW97T3G4

TATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAAAAAAAATTTA
TATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAAAAAAA-TTTA
TATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAAAAAAAATTTA
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Appendix 3- JW32 Ch. semimetallica (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

TACATAAAAATAAAAATTTTTATAAATTTTAAAAATAATTTTATTTTTATTAAATAAATA
TACATAAAAATAAAAATTTTTATAAATTTTAAAAATAATTTTATTTTTATTAAATAAATA
TACATAAAAATAAAAATTTTTATAAATTTTAAAAATAATTTTATTTTTATTAAATAAATA
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

AAATTAGTACATATAATTATAAAATAAATTAATTA----ATATATATATATATATATATT
AAATTAGTACATATAATTATAAAATAAATTAATTA----ATATATATATATATATATATT
AAATTAGTACATATAATTATAAAATAAATTAATTAATATATATATATATATATATATATT
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

TATTATAATATATTATTTAAATAAATATATTAATAACTATAAATTGGTAATTCCTAACAT
TATTATAATATATTATTTAAATAAATATATTAATAACTATAAATTGGTAATTCCTAACAT
TATTATAATATATTATTTAAATAAATATATTAATAACTATAAATTGGTAATTCCTAACAT
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

TTCTAAAAATAAAAATTCCATATATTTTTTTACCCCTATAAAAATATATTTATTTATATA
TTCTAAAAATAAAAATTCCATATATTTTTTTACCCCTATAAAAATATATTTATTTATATA
TTCTAAAAATAAAAATTCCATATATTTTTTTACCCCTATAAAAATATATTTATTTATATA
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

TATAATTTAATAAATATTAATAATAATTTATTAAATTAATATAATTTTAAATAATAACAA
TATAATTTAATAAATATTAATAATAATTTATTAAATTAATATAATTTTAAATAATAACAA
TATAATTTAATAAATATTAATAATAATTTATTAAATTAATATAATTTTAAATAATAACAA
CSB VIII
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

TTAGTAATATTTATATTAAAAATATTCTCCTCTCCCCTTTTTTTTTTTTTTTTATATGTA
TTAGTAATATTTATATTAAAAATATTCTCCTCTCCCCTTTTTTTTTTTTTTTTATATATA
TTAGTAATATTTATATTAAAAACATTCTCCTCTCCCC-TTTTTTTTTTTTTTTATATATA
CSB VII
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

TAAAAAATATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAAGCGTGC
TAAAAAATATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAAGCGTGC
TAAAAAATATAATATATAATTCATTTAAATATACCTCTCCAATTTTATATTGAAGCGTGC
CSB VI
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

AAAAATTTATTTTTAGTCTATATATATAATAAAATTAATAGATATCTATTAATATATAAA
AAAAATTTATTTTTAGTCTATATATATAATAAAATTAATAGATATCTATTAATATATAAA
AAAAATTTATTTTTAGTCTATATATATAATAAAATTAATAGATATCTATTAATATATAAA
CSB VI
490
500
510
520
530
....|....|....|....|....|....|....|....|....|....|

JW32T3R11
JW32T3R7
JW32T3R8

TATTTAATTAATTAATAGATATCTATTAATTTAGAGTAAAAAAAAATTTA
TATTTAATTAATTAATAGATATCTATTAATTTAGAGTAAAAAAAAATTTA
TATTTAATTAATTAATAGATATCTATTAATTTAGAGTAAAAAAAAATTTA
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Appendix 4 – JW13 Ch. varipes (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

TACAAAAAAATTAAAAATTAATTAAATAATAATTTATTTATAAGTCTATTAAAAATAATA
TACAAAAAAATTAAAAATTAATTAAATAATAATTTATTTATAAGTCTATTAAAGATAATA
TACAAAAAAATTAAAAATTAATTAAATAATAATTTATTTATAAGTCTATTAAAAATAATA
tRNAIle
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

AAAAATAGTAAACATGAGAATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
AAAAATAGTAAACATGAGAATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
AAAAATAGTAAACATGAGAATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

GATAGGGTAAATCATGTAATAATATTACAAAATAATTAAAAATTGGTAAATCATCCCTAT
GATAGGGTAAATCATGTAATAATATTACAAAATAATTAAAAATTGGTAAATCATCCCTAT
GATAGGGTAAATCATGTAATAATATTACAAAATAATTAAAAATTGGTAAATCATCCCTAT
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

AGCCTTTCATATTAAATTAATTATATCCCCTAAATATTAACATAATTAATATATATATAA
AGCCTTTCATATTAAATTAATTATATCCCCTAAATATTAACATAATTAATATATATATAA
AGCCTTTCATATTAAATTAATTATATCCCCTAAATATTAACATAATTAATATATATATAA
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

TTAATATAATATAAATAAAATTTTAATAAAATACTCATGTATAAATTAATTATTTATTTA
TTAATATAATATAAATAAAATTTTAATAAAATACTCATGTATAAATTAATTATTTATTTA
TTAATATAATATAAATAAAATTTTAATAAAATACTCATGTATAAATTAATTATTTATTTA
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

TAAATACACAATATAATAAATAATATAAATCCCCTATTAATTATTTTATTTAATAATTAA
TAAATACACAATATAATAAATAATATAAATCCCCTATTAATTATTTTATTTAATAATTAA
TAAATACACAATATAATAAATAATATAAATCCCCTATTAATTATTTTATTTAATAATTAA
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

TTTTATATTTTTATTTTACAATGAATATTTATAAATATATATATAATTTTATAATATATA
TTTTATATTTTTATTTTACAATGAATATTTATAAATATATATATAATTTTATAATATATA
TTTTATATTTTTATTTTACAATGAATATTTATAAATATATATATAATTTTATAATATATA
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

TTTTATCAAAAATTTTAAAAATAATTAATTAATTTATTATTATTATTATTTATTATTTTA
TTTTATCAAAAATTTTAAAAATAATTAATTAATTTATTATTATTATTATTTATTATTTTA
TTTTATCAAAAATTTTAAAAATAATTAATTAATTTATTATTATTATTATTTATTATTTTA
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

ATAAATTAAATTAGTAATTAAATTTAAAAATTTAATAAATTTTCCATTATTTCTCATGTT
ATAAATTAAATTAGTAATTAAATTTAAAAATTTAATAAATTTTCCATTATTTCTCATGTT
ATAAATTAAATTAGTAATTAAATTTAAAAATTTAATAAATTTTCCATTATTTCTCATGTT
CSB VIII
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

TTTTTTTTTTTTTTT----AAAATTTTTTAATATATAATTCATTTAATAACCCCTCTCAA
TTTTTTTTTTTTTTTTTTTAAAATTTTTTAATATATAATTCATTTAATAACCCCTCTCAA
TTTTTTTTTTTTTTT---TAGAATTTTTTAATATATAATTCATTTAATAACCCCTCTCAA
CSB VI

CSB VII

610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

ATTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAAAATTAATAG
ATTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAAAATTAATAG
ATTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAAAATTAATAG
CSB VI
670
680
690
700
710
720
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T3U6
JW13T3U1
JW13T3U4

ATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAA
ATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAA
ATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGTAAAA
CSB VI
730
....|....|.

JW13T3U6
JW13T3U1
JW13T3U4

AAAAA--TTTA
AAAAAA-TTTA
AAAAAAATTTA
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Appendix 5- JW26 Ch. incisuralis (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

TATAATAAAATTAAAATTAAAAACAAAATAAATTATCAAAAATTTATAATATAAATAAAA
TATAATAAAATTAAAATTAAAAACAAAATAAATTATCAAAAATTTATAATATAAGTAAAA
TATAATAAAATTAAAATTAAAAACAAAATAAATTATCAAAAATTTATAATATAAATAAAA
tRNAIle
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

AAAATTAGGAGACATGAGAAACCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
AAAATTAGGAGACATGAGAAACCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
AAAATTAGGAGACATGAGAAACCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
tRNAGln (pseudo)
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

GATAGGGTAAATCATGTAATAATATTACATTCATTATAATATATTATATTTAATAGAATT
GATAGGGTAAATCATGTAATAATATTACATTCATTATAATATATTATATTTAATAGAATT
GATAGGGTAAATCATGTAATAATATTACATTCATTATAATATATTATATTTAATAGAATT
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

AAACTATTTCTAAATAATTAAATTTTGGTACTTCCTCATGATCATTCACC--ATATATAT
AAACTATTTCTAAATAATTAAATTTTGGTACTTCCTCATGATCATTCACC--ATATATAT
AAACTATTTCTAAATAATTAAATTTTGGTACTTCCTCATGATCATTCACCATATATATAT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

ATATATATATATATATAATTAAATACCCCTATATAATTATATATATAATATATATATATA
ATAAATATATATATATAATTAAATACCCCTATATAATTATATATATAATATATATATATA
ATATATATATATATATAATTAAATACCCCTATATAATTATATATATAATATATATATATA
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

TATAAATCAAATAAATTTTAAAATACATTAACATAAATAATTATAATATAATAAATAATA
TATAAATCAAATAAATTTTAAAATATATTAACATAAATAATTATAATATAATAAATAATA
TATAAATCAAATAAATTTTAAAATATATTAACATAAATAATTATAATATAATAAATAATA
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

TAAATATAATTATACCCCTATAAATTATATTTATTCTATTATAAATAATATACAATATAC
TAAATATAATTATACCCCTATAAATTATATTTATTCTATTATAAATAATATACAATATAC
TAAATATAATTATACCCCTATAAATTATATTTATTCTATTATAAATAATATACAATATAC
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

CTTAACATATAATATATACAAATATATATATATATATATTTATAAAAACTTTTATAAATA
CTTAACATATAATATATACAAATATATATATATATATATTTATAAAAACTTTTATAAATA
CTTAACATATAATATATACAA--ATATATATATATATATTTATAAAAACTTTTATAAATA
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

ATATTTATAAAATAATATTAATTTAAATAAATGATAATAACAATAAATAGTTTAATTAAA
ATATTTATAAAATAATATTAATTTAAATAAATGATAATAACAATAAATAGTTTAATTAAA
ATATTTATAAAATAATATTAATTTAAATAAATGATAATAACAATAAATAGTTTAATTAAA
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

AATTATTAATTAATAAATTATATTACAACTAAATTATTACATCTATTATTATATTTCTAT
AATTATTAATTAATAAATTATATTACAACTAAATTATTACATCTATTATTATATTTCTAT
AATTATTAATTAATAAATTATATTACAACTAAATTATTACATCTATTATTATATTTCTAT
CSB VIII
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

TATTATTATATTTATATTATCTTATATAATCTACACAATCGTATATAAGATTTTTTTTTT
TATTATTATATTTATATTATCTTATATAATCTACACAATCGTATATAAGATTTTTTTTTT
TATTATTATATTTATATTATCTTATATAATCTACACAATCGTATATAAGATTTTTTTTTT
CSB VIII

CSB VII

670
680
690
700
710
720
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

TTTTTTTTTTTTTTTTTTTATATATATATAATTATAAATAATAGATATATCAATTTTTAT
TTTTTTTTTTTTTTTTTTTATATATATATAATTATAAATAATAGATATATCAATTTTTAT
TTTTTTTTTTTTTTTTTTTATATATATATAATTATAAATAATAGATATATCAATTTTTAT
CSB VII

CSB VI

730
740
750
760
770
780
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

ATTGAAGCGTCCAAAAATTTATTTTTAGTCTATATACCAAATAAGATTAATAGATATATA
ATTGAAGCGTCCAAAAATTTATTTTTAGTCTATATACCAAATAAGATTAATAGATATATA
ATTGAAGCGTCCAAAAATTTATTTTTAGTCTATATACCAAATAAGATTAATAGATATATA
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Appendix 5- JW26 Ch. incisuralis (Target 3)
CSB VI
790
800
810
820
830
840
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T3J5
JW26T3J1
JW26T3J4

TTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGATAAAAAAAAAATT
TTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGATAAAAAAAAAATT
TTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGATAAAAAAAAAATT

...

JW26T3J5
JW26T3J1
JW26T3J4

TCA
TCA
TCA
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Appendix 6- JW82 Ch. nigripes (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

AAATAATTTTAAATAAATAATAAAAATTAGTAAA-GATAGCAATCCTACTTTTAACGAAT
AAATAATTTTAAATAAATAACAAAAATTAGTAAAGGATGGCAATCCTACTTTTAATGAAT
AAATAATTTTAAATAAATAATAAAAATTAGTAAA-GATAGCAATCCTACTTTTAATGAAT
tRNAIle
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATATAATAATATTACATTCATTAT
TGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACATTCATTAT
TGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATATAATAATATTACATTCATTAT
tRNAGln (pseudo)
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TAATTATATTTAATAGAATTAAACTATTTCTAAATAATTATTAATTGGTAAATACTCCCA
TAATTATATTTAATAGAATTAAACTATTTCTAAATAATTATTAATTGGTAAATACTCCCA
TAATTATATTTAATAGAATTAAACTATTTCTAAATAATTATTAATTGGTAAATACTCCCA
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TATATATATACTATATATATATATATATACATATAATACCCCTATTGATATACATATATA
TGTATGTA-----TATATAC-TATATATACATATAATACCCCTATTGATATACA-----TATATATATAC--TATATATATATATATACATATAATACCCCTATTGATATACATATATA
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT
TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT
TATATATATTATTTATAATATATTATATAAATTTTTTATAAAAATTTTATATAATATATT
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TAAATTAAAATAATAAAAATTAGTAACAAAATTTAAAAAAATTTAGAACTTTCCTTCATT
TAAATTAAAATAACAAAAATTAGAAACAAAATTTAAAAAAATTTAGAACTTTCCTTCA-TAAATTAAAATAATAAAAATTAGTAACAAAATTTAAAAAAATTTAGAACTTTCCTTCA-CSB VIII
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

TTTTTTTTTTTTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA
----------TTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA
TTTTTTTTTTTTTTTTTTTTTTTTTTTATTATTTATTATTCATCTAAATAGGCCTCTCTA
CSB VII

CSB VI

430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

ATTTTATATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAAGATTAATA
ATTTTATATTGAAGCGTGCAAAAATGTATTTTTGGTCTATATACCAAATAAAGATTAATA
ATTTTATATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATACCAAATAAAGATTAATA
CSB VI
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T3N6
JW82T3N2
JW82T3N3

GATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGAAAA
GATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAG-AAA
GATATCTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGAAAA
CSB VI
550
....|....|

JW82T3N6
JW82T3N2
JW82T3N3

AAAAAATTTA
AAAAAATTTA
AAAAAATTTA
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Appendix 7- JW103 Ch. flavifrons (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

TACAAAAAAACTAAAAATTAACAAAATAATTTATTATTAATTAATCAATTATAAATAATA
TACAAAAAAACTAAAAATTAACAAAATAATTTATTATTAATTAATCAATTATAAATAATA
TACAAAAAAACTAAAAATTAACAAAATAATTTATTATTAATTAATCAATTATAAATAATA
tRNAIle
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

AAAATTAGTAAACATGAGAATCTTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
AAAATTAGTAAACATGAGAATCTTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
AAAATTAGTAAACATGAGAATCTTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
tRNAGln (pseudo)
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

GATAGGGTAAATCATGTAATAATATTACATTCATTATAAATTATATTTAATAGAATTAAA
GATAGGGTAAATCATGTAATAATATTACATTCATTATAAATTATATTTAATAGAATTAAA
GATAGGGTAAATCATGTAATAATATTACATTCATTATAAATTATATTTAATAGAATTAAA
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

CTATTTCTAAAACATTATAAATAATTAAAAATTGGTAAATCATCCCTATAATTCTATTTA
CTATTTCTAAAACATTATAAATAATTAAAAATTGGTAAATCATCCCTATAATTCTATTTA
CTATTTCTAAAACATTATAAATAATTAAAAATTGGTAAATCATCCCTATAATTCTATTTA
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

TATTATTAATTATAAATAACCCCTAAGCATAAAATCATGCTATTAAATATAATTAATATA
TATTATTAATTATAAATAACCCCTAAGCATAAAATCATGCTATTAAATATAATTAATATA
TATTATTAATTATAAATAACCCCTAAGCATAAAATCATGCTATTAAATATAATTAATATA
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

TATATATAATAAACATTAATAAATATAATATATATATATATATATATATATGTGTGTATA
TATATATAATAAACATTAATAAATATAATATATATATATATATATATATATGTGTGTATA
TATATATAATAAACATTAATAAATATAATATATATATATATATATATAT--GTGTGTATA
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

TATATATTATTCATGGATAATATAAATCCCCTATTAATTATATAATTATTAATATAATTA
TATATATTATTCATGGATAATATAAATCCCCTATTAATTATATAATTATTAATATAATTA
TATATATTATTCATGGATAATATAAATCCCCTATTAATTATATAATTATTAATATAATTA
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

TAATAATTAATTTTATATTCCATTTTTATAATAACTTATATATACAAAAATTTACAAAAT
TAATAATTAATTTTATATTCCATTTTTATAATAACTTATATATACAAAAATTTACAAAAT
TAATAATTAATTTTATATTCCATTTTTATAATAACTTATATATACAAAAATTTACAAAAT
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

ATTTAATATATTTATTCATAATTTTTTTTTTAAAAAAAAATAAATTATTATAATTATAAA
ATTTAATATATTTATTCATAATTTTTTTTTTAAAAAAAAATAAATTATTATAATTATAAA
ATTTAATATATTTATTCATAATTTTTTTTTTAAAAAAAAATAAATTATTATAATTATAAA
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

CAATTATAATAATTTAAATTAGTAATATAAATTTAAAATTCAATGATTTCTCCCTTATTA
CAATTATAATAATTTAAATTAGTAATATAAATTTAAAATTCAATGATTTCTCCCTTATTA
CAATTATAATAATTTAAATTAGTAATATAAATTTAAAATTCAATGATTTCTCCCTTATTA
CSB VIII
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

TTATAAATTTTTTTTTTTTTTTTTTTTTT---GTATATATATTTCATTTAATGACCCCTC
TTATAAATTTTTTTTTTTTTTTTTTTTTTTT-GTATATATATTTCATTTAATGACCCCTC
TTATAAATTTTTTTTTTTTTTTTTTTTTTTTTGTATATATATTTCATTTAATGACCCCTC
CSB VI

CSB VII

670
680
690
700
710
720
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

TCAATTTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAAAATTA
TCAATTTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAAAATTA
TCAATTTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATAAAATTA
CSB VI
730
740
750
760
770
780
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T3aa4
JW103T3aa1
JW103T3aa2

ATAGATATTTATTGATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGT
ATAGATATTTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGT
ATAGATATTTATTAATATATAAATATTTAATTAATTAATATATATCTATTAATTTAGAGT
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Appendix 7- JW103 Ch. flavifrons (Target 3)
CSB VI
790
....|....|....

JW103T3aa4
JW103T3aa1
JW103T3aa2

AAAAAAAAAATTTA
AAAAAAAAAATTTA
AAAAAAAAAATTTA
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Appendix 8- JW161 Ch. rufifacies (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

TAAAATAAAATTAAAAAATAAAAAATAAACAATTAATAAAAAATTATAATATTAATAAAA
TAAAATAAAATTAAAAAATAAAAAATAAACAATTAATAAAAAATTATAATATTAATAAAA
TAAAATAAAATTAAAAAATAAAAAATAAACAATTAATAAAAAATTATAATATTAATAAAA
tRNAIle
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

AAAATTAGTACACATGGGAATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
AAAATTAGTACACATGGGAATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
AAAATTAGTACACATGGGAATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTT
tRNAGln (pseudo)
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

GATAGGGTAAATCATGTAATAATATTACATTCATTATATTTAATAGAATTAAACTATTTC
GATAGGGTAAATCATGTAATAATATTACATTCATTATATTTAATAGAATTAAACTATTTC
GATAGGGTAAATCATGTAATAATATTACATTCATTATATTTAATAGAATTAAACTATTTC
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

TAAATAATTTAATTTTGGTAATTCCTAACGCTATCATAATAATCATATATATATATACAC
TAAATAATTTAATTTTGGTAATTCCTAACGCTATCATAATAATCATATATATATATACAC
TAAATAATTTAATTTTGGTAATTCCTAACGCTATCATAATAATCATATATATATATACAC
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

CCC--TATATATATATATATATATTTAATAAATAATAAAATAAACAATTAATAATATAAT
CCC--TATATATATATATATATATTTAATAAATAATAAAATAAACAATTAATAATATAAT
CCCTATATATATATATATATATATTTAATAAATAATAAAATAAACAATTAATAATATAAT
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

AATTTAATACCCCTATAATAAATATTTTATTATTAATTATATTTAATTTATATATATAAT
AATTTAATACCCCTATAATAAATATTTTATTATTAATTATATTTAATTTATATATATAAT
AATTTAATACCCCTATAATAAATATTTTATTATTAATTATATTTAATTTATATATATAAT
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

ATATATATATCCCCTAATATACAAATATTATATTTATAAAAAAATTCATAAATAATATAA
ATATATATATCCCCTAATATACAAATATTATATTTATAAAAAAATTCATAAATAATATAA
ATATATATATCCCCTAATATACAAATATTATATTTATAAAAAAATTCATAAATAATATAA
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

TAAAAAAAACTAAGATTTTAATTAATGATAATAATTATAATTAGTAAATAATAAATTACA
TAAAAAAAACTAAGATTTTAATTAATGATAATAATTATAATTAGTAAATAATAAATTACA
TAAAAAAAACTAAGATTTTAATTAATGATAATAATTATAATTAGTAAATAATAAATTACA
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

AATTATACAATAATTATTATATAAAAAATTTTCATTTTTCTTTTCTTCTCTCCCATGTGT
AATTATACAATAATTATTATATAAAAAATTTTCATTTTTCTTTTCTTCTCTCCCATGTGT
AATTATACAATAATTATTATATAAAAAATTTTCATTTTTCTTTTCTTCTCTCCCATGTGT
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

GGTATGGGTGTGTGTGTAAGAGAGGTTGTGTGTGTGGTTATGTGTGTGTGTGTGTTTTTT
GGTATGGGTGTGTGTGTAAGAGAGGTTGTGTGTGTGGTTATGTGTGTGTGTGTGTTTTTT
GGTATGGGTGTGTGTGTAAGAGAGGTTGTGTGTGTGGTTATGTGTGTGT-------TTTT
CSB VIII
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

TTTTTTTTTTTTTTTTTTTTTTTTTATATATATATATATTAATAATATTTTATTTAAAAG
TTTTTTTTTTTTTTTTTTTTTTTTTATATATATATATATTAATAATATTTTATTTAAAAG
TTTTTTTTTTTTTTTTTTTTTTTTTATATATATATATATTAATAATATTTTATTTAAAAG
CSB VII

CSB VI

670
680
690
700
710
720
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

AGGGTATCAATTTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATA
AGGGTATCAATTTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATA
AGGGTATCAATTTTTATATTGAAGCGTGCAAAAATTTATTTTTAGTCTATATACCAAATA
CSB VI
730
740
750
760
770
780
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

GGATTAATAGATAAATATTAATATATAAATATTTAATTAATTAATATTTATCTATTAATT
GGATTAATAGATAAATATTAATATATAAATATTTAATTAATTAATATTTATCTATTAATT
GGATTAATAGATAAATATTAATATATAAATATTTAATTAATTAATATTTATCTATTAATT
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Appendix 8- JW161 Ch. rufifacies (Target 3)

CSB VI
790
800
....|....|....|....|

JW161T3.4
JW161T3.2
JW161T3.3

TAGACTAAAAAAAAATTTCA
TAGACTAAAAAAAAATTTCA
TAGACTAAAAAAAAATTTCA
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Appendix 9- JW193 Ch. latifrons (Target 3)
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

TACAATAAAAATAAAAATTTTTATAAATTTTAAAAATAATTTTATTTTTATTAAATAAAT
TACAATAAAAATAAAAATTTTTATAAATTTTAAAAATAATTTTATTTTTATTAAATAAAT
TACAATAAAAATAAAAATTTTTATAAATTTTAAAAATAATTTTATTTTTATTAAATAAAT
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

AAAATTAGTATATATATATATATTTATATAATAAATTAATTAATTAATAC--ATATATAT
AAAATTAGTATATATATATATATTTATATAATAAATTAATTAATTAATAC--ATATATAT
AAAATTAGTATATATATATATATTTATATAATAAATTAATTAATTAATACATATATATAT
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

ATATATATATATATATTATAATTTATTATTTAAATAAATATATTAATAATTATAAATTGG
ATATATATATATATATTATAATTTATTATTTAAATAAATATATTAATAATTATAAATTGG
ATATATATATATATATTATAATTTATTATTTAAATAAATATATTAATAATTATAAATTGG
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

TAATTCCTAACATATCTAAAAATAAAAATTTCATATATTTTTTTACCCCTATAAAAATAT
TAATTCCTAACATATCTAAAAATAAAAATTTCATATATTTTTTTACCCCTATAAAAATAT
TAATTCCTAACATATCTAAAAATAAAAATTTCATATATTTTTTTACCCCTATAAAAATAT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

ATTTATTTATATATATAATTTAATAAATATTAATAATAATTTATTAAATTAATATAATTT
ATTTATTTATATATATAATTTAATAAATATTAATAATAATTTATTAAATTAATATAATTT
ATTTATTTATATATATAATTTAATAAATATTAATAATAATTTATTAAATTAATATAATTT
CSB VIII
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

TTAAATAATAACAATTAGTATTATTTATATTAAAATTATTCTTTCACTCCCTTTTTTTTT
TTAAATAATAACAATTAGTATTATTTATATTAAAATTATTCTTTCACTCCCTTTTTTTTT
TTAAATAATAACAATTAGTATTATTTATATTAAAATTATTCTTTCACTCCC---TTTTTT
CSB VIII

CSB VII

370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

TTTTTTATATATATAAAAAATATAATATATAATTCATTTAAATATACCTCTCCAATTTTA
TTTTTTATATATATAAAAAATATAATATATAATTCATTTAAATATACCTCTCCAATTTTA
TTTTTTATATATATAAAAAATATAATATATAATTCATTTAAATATACCTCTCCAATTTTA
CSB VII

CSB VI

430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

TATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATATATAATAAAATTAATAGATATCT
TATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATATATAATAAAATTAATAGATATCT
TATTGAAGCGTGCAAAAATTTATTTTTGGTCTATATATATAATAAAATTAATAGATATCT
CSB VI
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T3S5
JW193T3L4
JW193T3L6

ATTAATATATAAATATTTAGTTAATTAATAGATATCTATTAATTTAGAGTAAAAAAAAAT
ATTAATATATAAATATTTAATTAATTAATAGATATCTATTAATTTAGAGTAAAAAAAAAT
ATTAATATATAAATATTTAATTAATTAATAGATATCTATTAATTTAGAGTAAAAAAAAAT
CSB VI
...

JW193T3S5
JW193T3L4
JW193T3L6

TTA
TTA
TTA
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Appendix 10- JW96 Ch. saffranea (Target 4)
CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

TAATTAAATATTTATTAATAATGATTTATCTAATTATTATGTAGAAATTGATTGTTTTAA
TAATTAAATATTTATTAATAATGATTTATCTAATTATTATGTAGAAATTGATTGTTTTAA
TAATTAAATATTTATTAATAATGATTTATCTAATTATTATGTAGAAATTGATTGTTTTAA
CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

AAAAATAATTTAATAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTAA
AAAAATAATTTAATAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTAA
AAAAATAATTTAATAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTAA
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

TTATTAATTTTATAACATTATATTCATAATTTAATATATTATAAATATATGAATAAATAT
TTATTAATTTTATAACATTATATTCATAATTTAATATATTATAAATATATGAATAAATAT
TTATTAATTTTATAACATTATATTCATAATTTAATATATTATAAATATATGAATAAATAT
CSB II
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

ATATAAATTATATATATATATATATATGCAATTTTTAATTATCTAAATTTATTTTTTTTC
ATATAAATTATATATATATATATATATGCAATTTTTAATTATCTAAATTTATTTTTTTTC
ATATAAATTATATATATATATATATATGCAATTTTTAATTATCTAAATTTATTTTTTTTC
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

ACTTTATAAACTAATTTACTATTTATAATTATTAATATTTAAATTTTATAATATTATTTT
ACTTTATAAACTAATTTACTATTTATAATTATTAATATTTAAATTTTATAATATTATTTT
ACTTTATAAACTAATTTACTATTTATAATTATTAATATTTAAATTTTATAATATTATTTT
CSB I
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

ATTTAATAAATTACAAAAAAATTACTATAAAATAAAACAAAAAAAAAAAAAAAAAAAAAA
ATTTAATAAATTACAAAAAAATTACTATAAAATAAAACAAAAAAAAAAAAAAAAAAAAAA
ATTTAATAAATTACAAAAAAATTACTATAAAATAAAACAAAAAAAAAAAAAAAAAAAAA370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

AACACATGGAAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGGGT
--CACATGGAAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGGGT
----CATGGAAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGGGT
tRNAIle
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

AAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAACTATTTCT
AAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAACTATTTCT
AAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAACTATTTCT
tRNAGln
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

AAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAATAAAAAGATAAG
AAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAATAAAAAGATAAG
AAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAATAAAAAGATAAG
tRNAMet
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

CTAATTAAGCTACAGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW96T4da9
JW96T4da7
JW96T4da8

TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
670
680
....|....|....|....|..

JW96T4da9
JW96T4da7
JW96T4da8

TATTTCAGCTAATTCATGACTA
TATTTCAGCTAATTCATGACTA
TATTTCAGCTAATTCATGACTA
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Appendix 11 - JW97 Ch. megacephala (Target 4)
CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

TAATTAAATATTTATTAATAATGATTTATCTAATTATTATGTAGAAATTGATTGTTTTAA
TAATTAAATATTTATTAATAATGATTTATCTAATTATTATGTAGAAATTGATTGTTTTAA
TAATTAAATATTTATTAATAATGATTTATCTAATTATTATGTAGAAATTGATTGTTTTAA
CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

AAAAATAATTTAATAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTAA
AAAAATAATTTAATAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTAA
AAAAATAATTTAATAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTAA
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

TTATTAATTTTATAACATTATATTCATAATTTAATATATTATAAATATATGAATAAATAT
TTATTAATTTTATAACATTATATTCATAATTTAATATATTATAAATATATGAATAAATAT
TTATTAATTTTATAACATTATATTCATAATTTAATATATTATAAATATATGAATAAATAT
CSB II
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

ATATAAATTATATATATATATATATATGCAATTTTTAATTATCTAAATTTATTTTTTTTC
ATATAAATTATATATATATATATATATGCAATTTTTAATTATCTAAATTTATTTTTTTTC
ATATAAATTATATATATATATATATATGCAATTTTTAATTATCTAAATTTATTTTTTTTC
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

AATTTATAAACTAATTTACTATTTATAATTATTAATATTTAAATTTTATAATGTTATTTT
AATTTATAAACTAATTTACTATTTATAATTATTAATATTTAAATTTTATAATGTTATTTT
AATTTATAAACTAATTTACTATTTATAATTATTAATATTTAAATTTTATAATGTTATTTT
CSB I
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

ATTTAATAAATCACAAAAAAATTACTATAAAATAAAACAAAAAAAAAAAAAAAAAAAAAA
ATTTAATAAATCACAAAAAAATTACTATAAAATAAAACAAAAAAAAAAAAAAAAAAAAAA
ATTTAATAAATCACAAAAAAATTACTATAAAATAAAACAAAAAAAAAAAAAAAAAAAAA370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

AAA-CATGGGAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGGGT
AAAACATGGGAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGGGT
----CATGGGAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGGGT
tRNAIle
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

AAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAACTATTTCT
AAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAACTATTTCT
AAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAACTATTTCT
tRNAGln
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

AAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAATAAAAAGATAAG
AAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAATAAAAAGATAAG
AAAAGTATCAAAAACTCTTGTGCATCATACACCAAAATATATTTATAATAAAAAGATAAG
tRNAMet
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
670
680
....|....|....|....|..

JW97T4Ca6
JW97T4Ca1
JW97T4Ca2

TATTTCAGCTAATTCATGACTA
TATTTCAGCTAATTCATGGCTA
TATTTCAGCTAATTCATGACTA
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Appendix 12- JW32 Ch. semimetallica (Target 4)
CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

GTTATTAAATATTTATTAATAATGATTTATATATTCATTATGTAGAAATTAATT-TATTA
GTTATTAAATATTTATTAATAATGATTTATATATTCATTATGTAGAAATTAATT-TATTA
-TAATTAAATATTTATTAATAATGATTTATCTAATTATTATGTAGAAATTGATTGTTTTA
CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

AAAAAATAATTTAATAATGTATGTGAATTAGATTTATAAATTTATATAAATAATTTATTA
AAAAAATAATTTAATAATGTATGTGAATTAGATTTATAAATTTATATAAATAATTTATTA
AAAAAATAATTTAATAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTA
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

ATTATTAAATATTTATATATTTATTCAT-ATTTTAATATATTATAAATATATGAATAAAT
ATTATTAAATATTTATATATTTATTCAT-ATTTTAATATATTATAAATATATGAATAAAT
ATTATTAATTTTATAACATTATATTCATAATTTTAATATATTATAAATATATGAATAAAT
CSB II
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

ATATATAAATAATATATATATATATATATGCAATTTTTAATTATTTAAATTAAAAATTAA
ATATATAAATAATATATATATATATATATGCAATTTTTAATTATTTAAATTAAAGATTAA
ATATATAAATTATATATATATATATATATGCAATTTTTAATTATCTAAATTCATTTTTTT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

TT--TTAATAAAATTATTTACTAATTTTATTTATTAAAAT---AGTT-----ATATTACT
TT--TTAATAAAATTATTTACTAATTTTATTTATTAAAAT---AGTT-----ATATTACT
TCAATTTATAAACTAATTTACTATTTATAATTATTAATATTTAAATTTTATAATGTTATT
CSB I
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

T--TTTAAAAAATTAAACTAATTTTTTAAAAAATTTGTATAAAGAAAAAAAAAAAAAAAA
T--TTTAAAAAATTAAACTAATTTTTTAAAAAATTTGTATAAAG----AAAAAAAAAAAA
TTATTTAATAAATCACAAAAAAATTACTATAAAATAAAACAAAA-AAAGAAAAAAAAAAA
tRNAIle
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

AAAAGACATGGAAATGCTATTGTTAATGAATTGCCTGATAAAAAGGATTACCTTGATAGG
AAAAGACATGGAAATGCTATTGTTAATGAATTGCCTGATAAAAAGGATTACCTTGATAGG
AAAAAACATGGGAATCTTACTCTTAATGAATTGCCTGATGAAAAGGGTTACCTTGATAGG
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

GTAAATCATGTAATAATATTACATTC-------ATTATATTTAATAGAATTAAACTATTT
GTAAATCATGTAATAATATTACATTC-------ATTATATTTAATAGAATTAAACTATTT
GTAAATCATGTAATAATATTACATTCATTATTAATTATATTTAATAGAATTAAACTATTT
tRNAGln
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

CTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTT---ATAAAAAGATA
CTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTT---ATAAAAAGATA
CTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAATAAAAAGATA
tRNAMet
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

AGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTA
AGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTCCTAATCCTTTTCTTTTTA
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW32T4.4
JW32T4.5
JW32T4ba9

ATTTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATT
-----------------------------------------------------------ATTTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTCGATAATAGGAACTTTAATT
670
680
....|....|....|....|....

JW32T4.4
JW32T4.5
JW32T4ba9

TCTATTTCAGCTAATTCATGATTA
-----------------------TCTATTTCAGCTAATTCATGACTA
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Appendix 13 – JW13 Ch. varipes (Target 4)
CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

GTTATTAAATATTTATTAATAATGATTTATCTATTCATTATGTAGAAATTAATTGTTTTT
GTTATTAAATATTTATTAATAATGATTTATCTATTCATTATGTAGAAATTAATTGTTTTT
GTTATTAAATATTTATTAATAATGATTTATCTATTCATTATGTAGAAATTAATTGTTTTT
CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

AAAAAATTATTTAATAATGTATGTGAATTATATTTATAAGATTTATATAAATTATTTATA
AAAAAATTATTTAATAATGTATGTGAATTATATTTATAAGATTTATATAAATTATTTATA
AAAAAATTATTTAATAATGTATGTGAATTATATTTATAAGATTTATATAAATTATTTATA
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

TATTATTAATTAGATATATATTAATTCATTATTTAATAAATTATAAATATATGAATAAAT
TATTATTAATTAGATATATATTAATTCATTATTTAATAAATTATAAATATATGAATATAT
TATTATTAATTAGATATATATTAATTCATTATTTAATAAATTATAAATATATGAATAAAT
CSB II
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

ATATATAAATATATATATATATATATATATGCAAAAATAAATTATCTAAATATAATTATT
ATATATAAATATATATATATATATATATATGCAAAAATAAATTATCTAAATATAATTATT
ATATATAAATATATATATATATACATATATGCAAAAATAAATTATCTAAATATAATTATT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

ATTTTTAAACTTTTATTACTAATTTTAATTATTTTAAAAAAAAATATATTTTTTTAAAAA
ATTTTTAAACTTTTATTACTAATTTTAATTATTTTAAAAAAAAATATATTTTTTTAAAAA
ATTTTTAAACTTTTATTACTAATTTTAATTATTTTAAAAAAAAATATATTTTTTTAAAAA
CSB I
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

AAAAAATTTTTATAAAAAAATTACTATAAAGAATAAAAAAAAAAAAAAAAAAAACATGAG
AAAAAATTTTTATAAAAAAATTACTATAAAGAAT-AAAAAAAAAAAAAAAAAAACATGAG
AAAAAATTTTTATAAAAAAATTACTATAAAGAAT--AAAAAAAAAAAAAAAAAACATGAG
tRNAIle
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

AATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTA
AATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTA
AATCCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTA
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

ATAATATTACATTCATTATATTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTT
ATAATATTACATTCATTATATTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTT
ATAATATTACATTCATTATATTTAATAGAATTAAACTATTTCTAAAAGTGTCAAAAACTT
tRNAGln

tRNAMet

490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

TTGTGCATCGTACACCAAAATATATTATATAATAAAAAGATAAGCTAATTAAGCTACTGG
TTGTGCATCGTACACCAAAATATATTATATAATAAAAAGATAAGCTAATTAAGCTACTGG
TTGTGCATCGTACACCAAAATATATTATATAATAAAAAGATAAGCTAATTAAGCTACTGG
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

GCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCA
GCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCA
GCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCA
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW13T4B3
JW13T4B1
JW13T4B2

AAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTCTATTTCAGCTAATTCA
AAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTCTATTTCAGCTAATTCA
AAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTCTATTTCAGCTAATTCA

....|.

JW13T4B3
JW13T4B1
JW13T4B2

TGATTA
TGATTA
TGATTA
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Appendix 14- JW26 Ch. incisuralis (Target 4)
CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

GTTATTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTAATTTATTTT
GTTATTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTAATTTATTTT
-----------------------------------------------------------CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

TAAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTATAATAAATAATTTATTA
TAAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTATAATAAATAATTTATTA
----------------------------------------------TAAATTATTTATAT
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

ATTATTAAATTTATAACTATATATTCATAATTTAATAAATTATAAATATATGAATATATA
ATTATTAAATTTATAACTATATATTCATAATTTAATAAATTATAAATATATGAATATATA
ATTATTAATTATATATATATTTATACATAATTTAATAAATTATAAATATATGAATAAATA
CSB II
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

TATATATATATATATAAATGTATATATATGCAATTTTTAATTATTTAAATAATTTTA-TA
TATATATATATATATAAATGTATATATATGCAATTTTTAATTATTTAAATAATTTTA-TA
TATATAAATATATATATATATATATATATGCAAAATTTAATTATTTAAATATTTAAACTA
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

TTAATATTAAAAATTTAACTAAATTATTATTAATAATTCATTTAAAGGAAAGGAATATCA
TTAATATTAAAAATTTAACTAAATTATTATTAATAATTCATTTAAAGGAAAGGAATATCA
TTAATTTTAAAAAT------------TTATTACTAATT-------------------TTA
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

ATTTATATTAAAATATTTAAATCAATTAATACTAATTTAAATTATTAAAATTATTAAATT
ATTTATATTAAAATATTTAAATCAATTAATACTAATTTAAATTATTAAAATTATTAAATT
ATTACTAACAAAA-----AAATCAATT-----TAATTTAAAAATTTAAAACT------TT
CSB I
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

ATTTAACTAAATAACTTAACGATTTTTTAAAAAATAAGTATAAAG-AAAAAAAAAAAAAA
ATTTAACTAAATAACTTAACGATTTTTTAAAAAATAAGTATAAAGAAAAAAAAAAAAAAA
A------TAAAAAAATTA------CTATAAAGAAT-----------AAAAAAAAAAAAAA
tRNAIle
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

AAAGACATGAGAAACCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGG
AAAGACATGAGAAACCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGG
AAAAACATGAGAATCTTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGG
tRNAGln
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

TAAATCATGTAATAATATTACATTCATTATAATATATTATATTTAATAGAATTAAACTAT
TAAATCATGTAATAATATTACATTCATTATAATATATTATATTTAATAGAATTAAACTAT
TAAATCATGTAATAATATTACATTCATTATAA---ATTATATTTAATAGAATTAAACTAT
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

TTCTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAA--------------TATAA
TTCTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAA--------------TATAA
TTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAATATAACAAATTAATTATAA
tRNAMet
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

AAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTT
AAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTT
AAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTT
670
680
690
700
710
720
....|....|....|....|....|....|....|....|....|....|....|....|

JW26T4.3
JW26T4.1
ter-26T42R

CTTTTTAATTTTTAACAATTCATCAAAAATTATATTTTTCGGAATTTTAATAATAGGAAC
CTTTTTAATTTTTAACAATTCATCAAAAATTATATTTTTCGGAATTTTAATAATAGGAAC
CTTTTTAATTTTTAATAATTCATCAAAAATCATATTTTTCGGAATTTTGATAATAGGAAC
730
740
750
....|....|....|....|....|....|.

JW26T4.3
JW26T4.1
ter-26T42R

CTTAATTTCTATTTCAGCTAATTCATGATTA
CTTAATTTCTATTTCAGCTAATTCATGATTA
TTTAATTTCTATTTCAGCTAATTCATGATTA
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Appendix 15- JW82 Ch. nigripes (Target 4)

CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

GTTACTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTGATTTTTTTA
GTTACTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTGATTTTTTTA
GTTATTAAAACTTTATTAATAATGATTTATATAGTAATTATGTAGAAATTGATTTTTTTT
CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AAAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTA
AAAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTTATATAAATAATTTATTA
AAAAAATTATTTATTAATGTATGTGAACTATATTTATAATTTTATATAAATGATTTATTA
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

ATTATTAAATATTTATATATTTATTCACAATTTAATAAATTATAAATTTATGAATTAAAT
ATTATTAAATATTTATATATTTATTCACAATTTAATAAATTATAAATTTATGAATTAAAT
ATTATTAAATATTTATTTATTTATTCATAATTTAATAAATTATAAATTTATAAATTAAAT
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TATATATAAATATATATATATATATATAT------------------------GCAATAT
TATATATAAATATATATATATATATATAT------------------------GCAATAT
TATATATATATATATATATATATATATATATATATATATATATATATATATATGCAATAT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TTAATTATCTAAACTTAATTTATTTA-ATAATAAAAATTTATTACTAATTTTTATTATTA
TTAATTATCTAAACTTAATTTATTTA-ATAATAAAAATTTATTACTAATTTTTATTATTA
TTAATTATCTAAACCTAATTTATTTTTACTATAAAAATTTGTTACTAATTTTTATTATTA
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AATATATTTTACAATAATATTTAAAAAA-TAAAATTATGCAAAAAATATTACTATAAAAT
AATATATTTTACAATAATATTTAAAAAA-TAAAATTATGCAAAAAATATTACTATAAAAT
AATATATTTTATAATAATACTTAAAAAAATAAAATTATACAAAAAATATTACTATAAAAT
CSB I
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AAAAACAAAAAAAAAAAAAAAAAAAAAGATAGCAATCCTACTTTTAATGAATTGCCTGAT
AAAAACAAAAAAAAAAAAAAAAAAAAAGATAGCAATCCTACTTTTAATGAATTGCCTGAT
AAAAA--------------------AAGATGGCAATCCTACTTTTAATGAATTGCCTGAT
tRNAIle
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

AAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACACTCATTATTAATTATA
AAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACATTCATTATTAATTATA
AAAAAGGGTTA---------------TCATGTAATAATATTACATTCATTATTAATTATA
tRNAGln
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAA
TTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAA
TTTAATAGAATAAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAA
tRNAMet
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

TATACTTAAGTATAAAGAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAA
TATACTTAAGTATAAAAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAA
TATACTTAAGTATAAAAGGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAA
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW82T4.1
JW82T4.2
JW82T4.4

GGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATATTTTTCGGAAT
GGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATAATTTTCGGAAT
GGTTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATAATTTTCGGAAT
670
680
690
700
....|....|....|....|....|....|....|....|....|.

JW82T4.1
JW82T4.2
JW82T4.4

CTTGATAATAGGAACTTTAATTTCTATTTCTGCTAATTCATGGTTA
CTTGATAATAGGAACTTTAATTTCTATTTCTGCTAATTCATGGTTA
CTTGATAATAGGAACTTTAATTTCTATTTCTGCTAATTCATGGTTA
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Appendix 16- JW103 Ch. flavifrons (Target 4)
CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

GTTATTAAATATTTATTAATAAAGATTTATCTAATCATTATGTAGAAATTGATTGTTTTA
GTTATTAAATACTTATTAATAAAGATTTATCTAATCATTATGTAGAAATTGATTGTTTTA
GTTATTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTAATTTATTTT
CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

AAAAAATCATTTAATAATGTATGTGAACTATATTTATAATGTTTATATAAATTATTTATA
AAAAAATCATTTAATAATGTATGTGAACTATATTTATAATGTTTATATAAATTATTTATA
TAAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTATA-ATAAATAATTTATT
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

TATTATTAATTATATATATATTTATACATAATTTAATAAATTATAAATATATGAATAAAT
TATTATTAATTATATATATATTTATACATAATTTAATAAATTATAAATATATGAATAAAT
AATTATTAAATTTATAACTATATATTCATAATTTAATAAATTATAAATATATGAATATAT
CSB II
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

ATATATAAATATATATATATATATATATATGCAAAATTTAATTATTTAAATATTTAAACT
ATATATAA----ATATATATATATATATATGCAAAATTTAATTATTTAAATATTTAAACT
ATATATATATATATATAAATGTATATATATGCAATTTTTAATTATTTAAATAATTTTA-T
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

ATTAATTTTAAAAAT------------TTATTACTAATT-------------------TT
ATTAATTTTAAAAAT------------TTATTACTAATT-------------------TT
ATTAATATTAAAAATTTAACTAAATTATTATTAATAATTCATTTAAAGGAAAGGAATATC
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

AATTACTAACAAAA-----AAATCAATT-----TAATTTAAAAATTTAAAAC-------AATTACTAACAAAA-----AAATCAATT-----TAATTTAAAAATTTAAAAC-------AATTTATATTAAAATATTTAAATCAATTAATACTAATTTAAATTATTAAAATTATTAAAT
CSB I
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

--TTTA--TAAAAAAATTA------CTATAAAGAAT----------AAAAAAAAAAAAAA
--TTTA--TAAAAAAATTA------CTATAAAGAAT---------AAAAAAAAAAAAAAA
TATTTAACTAAATAACTTAACGATTTTTTAAAAAATAAGTATAAAGAAAAAAAAAAAAAA
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

AAAAACATGAGAATCTTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGG
AAAAACATGAGAATCTTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGG
AAAGACATGAGAAACCTACTTTTAATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGG
tRNAIle
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

TAAATCATGTAATAGTATTACATTCATTATAA---ATTATATTTAATAGAATTAAACTAT
TAAATCATGTAATAATATTACATTCATTATAA---ATTATATTTAATAGAATTAAACTAT
TAAATCATGTAATAATATTACATTCATTATAATATATTATATTTAATAGAATTAAACTAT
tRNAGln
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

TTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAATATAACAAATTAATTATAA
TTCTAAAAGTATCAAAAACTTTTGTGCATCGTACACCAAAATATAACAAATTAATTATAA
TTCTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAA--------------TATAA
tRNAMet
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

AAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTT
AAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTT
AAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTT
670
680
690
700
710
720
....|....|....|....|....|....|....|....|....|....|....|....|

JW103T4.3
JW103T4.1
JW103T4.2

CTTTTTAATTTTTAATAATTCATCAAAAATCATATTTTCCGGAATTTTGATAATAGGAAC
CTTTTTAATTTTTAATAATTCATCAAAAATCATATTTTTCGGAATTTTGATAATAGGAAC
CTTTTTAATTTTTAACAATTCATCAAAAATTATATTTTTCGGAATTTTAATAATAGGAAC
730
740
750
....|....|....|....|....|....|.

JW103T4.3
JW103T4.1
JW103T4.2

TTTAATTTCTATTTCAGCTAATTCATGATTA
TTTAATTTCTATTTCAGCTAATTCATGATTA
CTTAATTTCTATTTCAGCTAATTCATGATTA
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Appendix 17- JW161 Ch. rufifacies (Target 4)
CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

GTTATTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTAATTTATTAA
GTTATTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTAATTTATTAA
GTTATTAAAACTTTATTAATAATGATTTATATAATAATTATGTAGAAATTAATTTATTAA
CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

TAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTATAATAAATAATTTATTAA
TAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTATAATAAATAATTTATTAA
TAAAATTATTTATTAATGTATGTGAATTATATTTATAATTTATAATAAATAATTTATTAA
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

TTATTAAATTTATAACTATTTATTCATAATTTAATATATAATAAATATATGAATATAAAT
TTATTAAATTTATAACTATTTATTCATAATTTAATATATAATAAATATATGAATATAAAT
TTATTAAATTTATAACTATTTATTCATAATTTAATATATAATAAATATATGAATATAAAT
CSB II - short
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

ATATATAAATATATATATATATATATACATAAGTACATATATAAATTTATATTTATAAAT
ATATATAAATATATATATATATATATACATAAGTACATATATAAATTTATATTTATAAAT
ATATATAAATATATATATATATATATACATAGGTACATATATAAATTTATATTTATAAAT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

ATAATACTAATTTTAATTATTTAAATAAATTAATTATTAAATTAAATAATTTTACAATTA
ATAATACTAATTTTAATTATTTAAATAAATTAATTATTAAATTAAATAATTTTACAATTA
ATAATACTAATTTTAATTATTTAAATAAATTAATTATTAAATTAAATAATTTTACAATTA
CSB I
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

ATAAAAAAATAAGTATAAAGAAAAAAAAAAAAAAAAAAAACACATGGGAATCCTACTTTT
ATAAAAAAATAAGTATAAAG-AAAAAAAAAAAAAAAAAAACACATGGGAATCCTACTTTT
ATAAAAAAATAAGTATAAAGAAAAAAAAAAAAAAAAAACACACATGGGAATCCTACTTTT
tRNAIle
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

AATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
AATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATCATGTAATAATATTACAT
tRNAGln
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

TCATTATATTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCATA
TCATTATATTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCATA
TCATTATATTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCATA
tRNAMet
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

CACCAAAATATAAAAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGG
CACCAAAATATAAAAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGG
CACCAAAATATAAAAAGATAAGCTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGG
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW161T4.4
JW161T4.1
JW161T4.3

TTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATATTTTTCGGAATTT
TTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATATTTTTCGGAATTT
TTCTAATCCTTTTCTTTTTAATTTTTAATAATTCATCAAAAATTATATTTTTCGGAATTT
610
620
630
640
....|....|....|....|....|....|....|....|....

JW161T4.4
JW161T4.1
JW161T4.3

TAATAATAGGAACTTTAATTTCTATTTCAGCTAATTCATGATTA
TAATAATAGGAACTTTAATTTCTATTTCAGCTAATTCATGATTA
TAATAATAGGAACTTTAATTTCTATTTCAGCTAATTCATGATTA
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Appendix 18- JW193 Ch. latifrons (Target 4)
CSB IV
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

GTTATTAAATATTTATTAATAATGATTTATATATTCATTATGTAGAAATTAATTTATTAA
GTTATTAAATATTTATTAATAATGATTTATATATTCATTATGTAGAAATTAATTTATTAA
GTTATTAAATATTTATTAATAATGATTTATATATTCATTATGTAGAAATTAATTTATT-A
GTTATTAAATATTTATTAATAATGATTTATATATTCATTATGTAGAAATTAATTTATTAA
CSB III
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

AAAAATAATTTAATAATGTATGTGATTTAAATTTATAAATTTATATAAATAATTTATTAA
AAAAATAATTTAATAATGTATGTGATTTAAATTTATAAATTTATATAAATAATTTATTAA
AAAAATAATTTAATAATGTATGTGATTTAAATTTATAAATTTATATAAATAATTTATTAA
AAAAATAATTTAATAATGTATGTGATTTAAATTTATAAATTTATATAAATAATTTATTAA
CSB II
130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

TTATTAAATATTTATATATTTATTCATATTTTAATATATTATAAATATATGAATAAATAT
TTATTAAATATTTATATATTTATTCATATTTTAATATATTATAAATATATGAATAAATAT
TTATTAAATATTTATATATTTATTCATATTTTAATATATTATAAATATATGAATAAATAT
TTATTAAATATTTATATATTTATTCATATTTTAATATATTATAAATATATGAATAAATAT
CSB II
190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

ATATAAATAATATATATATATATATATGCAATTTTTAATTATTTAAATTAAAAATTAATT
ATATAAATAATATATATATATATATATGCAATTTTTAATTATTTAAATTAAAAATTAATT
ATATAAATAATATATATATATATATATGCAATTTTTAATTATTTAAATTAAAAATTAATT
ATATAAATAATATATATATATATATATGCAATTTTTAATTATTTAAATTAAAAATTAATT
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

TTAATATAATTAAAAATTAATTTTAATATAATTATTTACTAATTTTATTTATTTAAATAA
TTAATATAATTAAAAATTAATTTTAATATAATTATTTACTAATTTTATTTATTTAAATAA
TTAATATAATTAAAAATTAATTTTAATATAATTATTTACTAATTTTATTTATTTAAATAA
TTAATATAATTAAAAATTAATTTTAATATAATTATTTACTAATTTTATTTATTTAAATAA
CSB I
310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

TTATATTACTTTTTAAAAAATTAAACTAATTTTTTAAAAAATTTGTATAAAGAAGAAAAA
TTATATTACTTTTTAAAAAATTAAACTAATTTTTTAAAAAATTTGTATAAAGAAG---AA
TTATATTACTTTTTAAAAAATTAAACTAATTTTTTAAAAAATTTGTATAAAGAAG--AAA
TTATATTACTTTTTAAAAAATTAAACTAATTTTTTAAAAAATTTGTATAAAGAAG---AA
CSB I
370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

AAAAAAAAAAAAAACATGGAAATACTATTGTTAATGAATTGCCTGATAAAAAGGATTACC
AAAAAAAAAAAAAACATGGAAATACTATTGTTAATGAATTGCCTGATAAAAAGGATTACC
AAAAAAAAAAAAAACATGGAAATACTATTGTTAATGAATTGCCTGATAAAAAGGATTACC
AAAAAAAAAAAAAACATGGAAATACTATTGTTAATGAATTGCCTGATAAAAAGGATTACC
tRNAIle
430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

TTGATAGGGTAAATTATGTAATAATATTACATTCATTATATTTAATAGAATTAAACTATT
TTGATAGGGTAAATTATGTAATAATATTACATTCATTATATTTAATAGAATTAAACTATT
TTGATAGGGTAAATTATGTAATAATATTACATTCATTATATTTAATAGAATTAAACTATT
TTGATAGGGTAAATTATGTAATAATATTACATTCATTATATTTAATAGAATTAAACTATT
tRNAGln
490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

TCTAAAAGTATCAAAAGCTTTTGTGCATCATACACCAAAATATATTTATAAAAAGATAAG
TCTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAAAAAGATAAG
TCTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAAAAAGATAAG
TCTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATAAAAAGATAAG
tRNAMet
550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
CTAATTAAGCTACTGGGCTCATACCCCATTTATAAAGGTTCTAATCCTTTTCTTTTTAAT
610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
TTTTAATAATTCATCAAAAATTATATTTTTCGGAATTTTGATAATAGGAACTTTAATTTC
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Appendix 18- JW193 Ch. latifrons (Target 4)
670
680
....|....|....|....|..

JW193T4.1
JW193T4.2
JW193T4.3
JW193T4.4

TATTTCAGCTAATTCATGATTA
TATTTCAGCTAATTCATGATTA
TATTTCAGCTAATTCATGATTA
TATTTCAGCTAATTCATGATTA

133

Appendix 19 Neighbour Joining Trees
Neighbour Joining Approach – Species First Alignment
JW32T3R7

75
94

Ch. semimetallica

JW32T3R8
JW32T3R11

100

JW193T3L6
JW193T3S5

100

Ch. latifrons

73 JW193T3L4

92

JW96T3A5

89
95

JW96T3A6

Ch. saffranea

JW96T3A3
JW97T3G3

100
44

Ch. megacephala

JW97T3G6

94

52 JW97T3G4
98
100

JW13T3U1
Ch. varipes

JW13T3U4
JW13T3U6

JW82T3N6

97
79

87

Ch. nigripes

JW82T3N3
JW82T3N2

JW103T3a4

93

JW103T3a1

100
65

Ch. flavifrons

JW103T3a2
JW161T3 3
100
94

JW161T3 4

Ch. rufifacies

JW161T3 2

JW26T3J4
100
64

JW26T3J5

Ch. incisuralis

JW26T3J1

0.05

Neighbour Joining Approach – All at Once Alignment
5 7 JW32T3R7
99

JW32T3R8

Ch. semimetallica

JW32T3R11

100

JW193T3L4
99

JW193T3S5

Ch. latifrons

79 JW193T3L6

89
81
99

JW96T3A5
JW96T3A6

Ch. saffranea

JW96T3A3
JW97T3G4

1 00
100

JW97T3G6

98
63

Ch. megacephala

JW97T3G3
54 JW13T3U6
100

JW13T3U1

Ch. varipes

JW13T3U4
99
85

98

JW82T3N6
JW82T3N3

Ch. nigripes

JW82T3N2
JW103T3a4

69
100
64

JW103T3a1

Ch. flavifrons

JW103T3a2

JW161T3 3
JW161T3 4
100

Ch. rufifacies

JW161T3 2

JW26T3J4
10 0
57

JW26T3J5

Ch. incisuralis

JW26T3J1

0.05
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Appendix 20 Maximum Parsimony Analysis

Maximum Parsimony Analysis – All at Once Alignment
JW26T3J5
JW26T3J1

Ch. incisuralis

JW26T3J4

100

JW13T3U6
JW13T3U1

Ch. varipes

JW13T3U4

73

JW82T3N2

100

JW82T3N6

83

Ch. nigripes

JW82T3N3

100
100

JW103T3a4
JW103T3a1

Ch. flavifrons

JW103T3a2

100

JW32T3R11
JW32T3R7

100

Ch. semimetallica

JW32T3R8

100
100

JW193T3S5
JW193T3L4

Ch. latifrons

JW193T3L6

100

JW97T3G6
JW97T3G3

100

Ch. megacephala

JW97T3G4

99

JW96T3A3
JW96T3A5

Ch. saffranea

JW96T3A6

100

JW161T3 4
JW161T3 2

Ch. rufifacies

JW161T3 3

Maximum Parsimony Analysis – Species First Alignment (Bootstrap overlayed on strict consensus)
JW26T3J5
JW26T3J1

Ch. incisuralis

JW26T3J4

100

JW13T3U6
JW13T3U1

Ch. varipes

JW13T3U4

87

JW82T3N2

100

JW82T3N6

95
100

JW103T3a4
JW103T3a1

Ch. flavifrons

JW103T3a2

100
100

JW32T3R11
JW32T3R7

100

Ch. semimetallica

JW32T3R8

98
100

Ch. nigripes

JW82T3N3

100

JW193T3S5
JW193T3L4

Ch. latifrons

JW193T3L6
JW96T3A3

96
100

JW96T3A5

Ch. saffranea

JW96T3A6

75

JW97T3G6
JW97T3G3

Ch. megacephala

JW97T3G4

100

JW161T3 4
JW161T3 2

Ch. rufifacies

JW161T3 3
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Appendix 21- JW82 Ch. nigripes (Target 4 clone JW82T4.1)
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Appendix 22- JW82 Ch. nigripes (Target 4 clone JW82T4.2)
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